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Micro-Electro-Mechanical Systems (MEMS) are miniaturized devices that are 
made from Si or SU-8 (an epoxy polymer) materials.  As Si is a material compatible with 
Integrated-Circuit (IC) technology, it has been vastly employed in the fabrication of 
MEMS devices.  SU-8 is an important negative photoresist material that has excellent 
thermal stability, making it well suited for permanently used applications.  However, Si 
and SU-8 materials have several surfaces related tribological issues such as high friction, 
adhesion and wear during the sliding contacts.  The reason for these behaviors is due to 
the nature of their brittleness. The tribological properties of SU-8 can be improved by 
some chemical/physical surface treatments (e.g. O2 plasma treatment coupled with an 
overcoat of perfluoropolyether).  Hence, it is proposed that Si can be protected by a thin 
layer of SU-8 which has been surface treated.  The wear life of Si can be further 
improved by a suitable pattern of SU-8 on Si substrate. The main objective of this thesis 
is to develop an alternative method to fabricate micro-dot patterns using polymer jet 
printing on Si substrate. Hence, in this thesis, we propose and investigate low friction and 
high wear-resistant SU-8 micro-dots pattern on Si surface.
Tribological properties of optimized SU-8 patterns (micro-dots with varying 
pitch) on Si were evaluated using both ball-on-disc and flat-on-flat tribometers. Sliding 
tests on the patterns were conducted against a 2 mm diameter Si3N4 ball and SU-8 spin-
coated 2 mm x 2 mm Si wafer at varying normal loads and constant sliding speeds.
For the ball-on-disk configuration, it was observed that the pitch of the SU-8
pattern on Si substrate had a significant effect on the initial coefficient of friction and 
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wear durability.  Initial coefficient of friction studies have concluded that the SU-8
polymeric micro-dots improved the tribological properties by sharing the normal force 
and reducing the contact area.  The optimized pitch length of 150 µm has shown an initial 
coefficient of friction of 0.13 as compared to 0.6 for bare Si and 0.22 for SU-8 spin-
coated film.   For the wear durability test, ultra-thin layer of perfluoropolyether (PFPE)
was over-coated onto SU-8 micro-dot specimens, and the optimized pitch (450 µm)
specimens have shown wear durability of more than 100,000 cycles at a normal load of 
350 mN. Under the same conditions, bare Si over-coated with PFPE and spin-coated SU-
8 film with PFPE over-coated would show wear lives of 2,500 cycles and 3,600 cycles 
respectively.
Extensive experiments were conducted on flat-on-flat contact surfaces, a 
geometry likely to be encountered in actual microsystems.  The pitch of the SU-8 pattern 
on Si substrate had significant effect on the wear durability.  Ultra-thin layer of PFPE was 
over-coated onto SU-8 micro-dot patterned specimens for enhanced wear durability, and 
similarly, the optimized pitch length of 450 µm has shown a wear life of more than 
100,000 cycles at a normal load of 650 mN.
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Recently, tribological applications of polymer coatings have been extensively 
studied because of their superior low friction, better corrosion resistance and ease of 
fabrication. Due to their soft and self-lubricating nature, a number of polymers can 
reduce the shear stress and friction at the contact points. To improve the wear life of 
the substrate, various methods of polymer coating have been studied from micro- to 
nano-scale thicknesses.  After depositing different organic composite layers onto the 
Silicon (Si) surface, the properties of the Si surface have been improved to a large 
extent [1-2]. One of the most important factors that influence the tribological 
properties is surface texturing. For example, texture is created to reduce stiction 
between head sliders and disk in magnetic hard disk drives [3]. The behavior of 
surfaces during sliding depends on the degree and nature of roughness, which in turn 
affects shear and frictional properties [4]. 
Polymer texturing or patterning has been used in many products of daily usage 
such as the outer surface of shoe soles, hand grips in bicycles and car tires, in order to 
modify friction between two surfaces.  Recently, He et al. [5] have studied 
poly(dimethylsiloxane) (PDMS) elastomer with surface textures that can significantly 
reduce coefficient of friction at the macroscale level but not at the microscale. The 
macroscale test used a steel ball of 1.6 mm diameter whereas the microscale test used 
a diamond tip of radius 25 µm against pillars and grooves on the patterned surface. 
The reduction of coefficient in friction is attributed to the reduced contact area due to 
pillar-textured surfaces. Kustandi et al. [6] have used nano-imprint lithography to 
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produce micro-texture structures on ultra-high molecular weight polyethylene 
(UHMWPE) which reduces the coefficient of friction and enhances the wear life of 
the polymer compared to the non-patterned surface.
In the present work, we have designed and fabricated micro-scale bumps or 
dots of a polymer (SU-8) on smooth Si wafer.  The micro-dot pattern is likely to 
reduce surface friction and improve the wear life of Si. Microfabrication is widely 
used to manufacture integrated circuits (ICs), MEMS, optical devices, communication, 
sensor and actuator applications. However, microfabrication relies on optical 
lithography to print the desired features from a mask to a Si substrate.  Currently, 
optical lithography commands more than 30% of total IC fabrication expenses. Even 
for fabricating MEMS and optical devices, which have relatively large features, 
expensive tool costs and long mask preparation times are rapidly becoming barriers to 
technology innovation.
A pattern can be created by Polymer Jet Printer (PJP) which is a simple, low 
cost and highly accurate printing method for selective deposition of functional 
polymers.  Polymer melt or solution is deposited as droplet-liquid through a nozzle 
onto a clean surface [7]. The fluids are released into closely spaced droplets in 
nozzles with a desired orifice diameter. It could be used to deposit customized surface 
textures on any substrate by employing different polymers such as SU-8 or 
functionalized polyethylene.
The printing technology has enjoyed great successes that can reduce the 
manufacturing cost and time, as well as giving high flexibility for the PJP application
in tribology. We use PJP to print micro-dot patterns on Si surface and study the 
optimization of tribological properties.  This is the main focus of this research. In this
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study, we have focused on the formation of differently spaced micro-dot textures of 
SU-8 on bare Si with the objective of improving the tribological properties of Si.
1.2 The idea of texturing using drop-on-demand PJP method
Applying drop-on-demand PJP technology from paper document printing to 
electronic and mechanical device patterning is quite straightforward.  Like an inkjet 
printer, the system consists of primarily of a print head with integrated controlling 
circuits and a single drop on demand jet devices.  A motion control system moves a 
stage-mounted substrate beneath the print head with fine steps (in both vertical and 
horizontal directions).  A texture layout can be coded in a computer and then sent to 
the print head as wave pulses.  When a dispensing device receives a signal, it expels a 
small fluid droplet of the stored solution toward the substrate.  Aligned with the
movement of the stage, the droplets land on the desired locations on the substrate as 
dots (pixels).  These droplets merge and the solvent dries to form desired patterns, as 
shown in Figure 1.1. As given from specification as shown in Appendix B, the printed 
materials could be solvents, buffers, particulate suspensions, or polymers. 
Figure 1.1: Illustration of pattern formation with polymer drops printed using
maskless lithography system. The dot size depends on the nozzle 
diameter.
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There are several advantages of choosing drop-on-demand PJP method.  
1) PJP system could transfer CAD (Computer-Aided-Design) or programming 
into device patterns, which can save process development time and costing.
There is no need for optics and masks materials during the fabrication.
2) More flexibility in term of substrate materials, the patterning could print on 
non-planar surfaces, small objects or even inside deep tranches.
3) Inkjet printing could handle wide range of polymers including solution-based 
materials like organo-metallics, organo-semiconductors, polymers, suspended 
nano-particles, and exposure or etching sensitive materials.  Combined with 
the traditional Si based materials, many original devices could then be 
fabricated.
1.3 Objectives
The main objective of this study is to investigate an alternative method to 
fabricate micro-dot patterns using polymer jet printer (PJP).  This approach involves 
altering surface and geometry properties, together with nano-lubrication to improve 
the tribological properties of Si surfaces for MEMS/NEMS applications.  The new 
approach is undertaken as follows:
(a) Micro-dot patterns 
(i) Fabrication of micro-dots using polymer jet printer onto the Si 
surfaces.
(ii) By varying the pitch length between the dots and with constant
micro-dot diameter, determine the optimum pitch which 
exhibits least coefficient of friction.
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(b) Nano-lubrication
(i) To over-coat on the micro-dot patterns with a few nanometers 
of perfluoropolyether (PFPE) lubricant.
(ii) To determine the optimized pitch which exhibits highest wear 
life.
All the prepared samples were subjected to:
(a) Surface characterizations using water contact angles and surface 
energy.  Further characterizations of the diameter, height and 
roughness of the micro-dots using optical profiler, were also performed.
(b) Characterizations of the surface mechanical properties of the SU-8 film 
coated onto the Si surface using nanoindenation and nanoscratch tester.
(c) Tribological characterizations: measurement of the initial coefficient of 
friction, steady-state friction and the determination of the wear 
durability using a commercial tribometer. 
1.4 Scope
The scope of this research work is to provide effective solution to enhance the 
tribological performance of Si surfaces at micro-scale, by undertaking a micro-dot 
patterns approach.  The approach is a combination of geometry and nano-lubrication.  
The geometry modification includes the creation of the micro-dot patterns by varying
the pitch length on the Si surfaces.  For nano-lubrication, an ultra-thin (2 nm) layer of 
PFPE was over-coated onto the patterned surface by the dip-coating method.
As the first step, SU-8 2000.5 monomer is chosen for printing onto the Si 
surfaces.  This is done by first optimizing the setting parameters involved in polymer 
jet printer such as back pressure and piezoelectric actuator’s waveform (rise, dwell,
Chapter 1 Introduction 
Page 6
and fall times) so as to obtain high fidelity micro-dots patterns.  Finally, the un-
patterned and patterned surfaces are coated with PFPE nano-lubricant by dip coating 
process.
The test specimens were bare Si surfaces (un-modified Si surfaces), 
pattern/nano-lubricated Si surfaces and Si surfaces with combined patterning and 
lubrication. The test specimens were characterized for their surface properties such as 
water contact angle, surface energy and roughness.  Subsequently, they were 
evaluated for their tribological properties: initial coefficient of friction, steady-state 
friction and wear life using tribometer.  Specimens were also examined for the wear
analysis after the tests using optical microscope.
The tribological and other surface properties of the test specimens were 
evaluated in terms of:
(a) Water contact angle and surface energy
(b) Nano-mechanical property
(c) Contact area and pressure
(d) variation in the coefficient of friction
(e) Ball-on-disc (point contact) and flat-on-flat (area contact) configuration.
From these investigations, the modification which gives the best tribological 
performance is proposed as the tribological solution for MEMS/NEMS devices.  
Further, a few recommendations for future works have been also suggested.
1.5 Thesis content layout
The next chapter presents an overview of the micro/nano-patterning 
fabrication methods. In view of the main focus of our research work, which is to
investigate the parameteric conditions for generating micro-dot patterns from the
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polymer jet device, theoretical calculation of the hardness, elastic modulus, contact 
areas and pressure will be explained. In addition, studies on the tribology of textured 
surfaces and MEMS tribology are also presented.
Chapter 3 presents materials selection and test process flow. List of 
experimental apparatus for testing and characterization are described.  Details of the
test procedures for the micro-dot pattern have been given.
Chapter 4 describes the comparative results on the nano-mechanical property
characterization between SU-8 spin-coated and micro-dot patterns. Elastic modulus, 
nanohardness, and adhesive strength are studied in detail.
Chapter 5 presents the experimental results on the improvement of the 
tribological properties of Si (initial coefficient of friction and wear durability) with
micro-dot patterning. The tribological tests are conducted with flat patterned surface 
against a spherical ceramic (Si3N4) ball. Detailed description and discussion on the 
results are described.
Chapter 6 presents the flat-on-flat configuration which is close to the actual 
MEMS geometry.  Experimental results for higher normal loads are compared to the 
results in the ball-on-disc configuration.
Chapter 7 presents conclusion and results for improvement and 
recommendation.




2.1 Micro/Nano-patterning and fabrication methods
The creation of micro/nano-patterning is the art of miniaturization.  Various 
micro/nano-patterning have been developed for applications in electronics industry [8-9].
Recently, micro/nano-patterning has become a standard in biomedical and biomaterials
engineering for fundamental research on cellular biology.  Fabrication methods of
mico/nano-patterning have evolved to become an important part in modern science and 
technology.  One of the conventional methods to generate patterns is photolithography.
However, due to its high capital investment, time consumption and inability to create 3D 
complex shape, other fabrication processes are also being increasingly explored [10-11].
Figure 2.1 shows a flow chart of the different fabrication processes in micro/nano-
patterning. These processes have the capability of fabricating complicated shapes with 
low capital cost and high flexibility.
In the lithography methods, costing includes the glass mask fabrication by either 
electronic-beam or ion beam to fabricate the micro/nano scale pattern, light source of UV 
or X-ray and photoresist materials.  In addition, dry and/or wet chemical etchings are 
involved to develop the structure of the patterns. The entire process generates unwanted 
waste and are harmful to the environment.  Alternatively, non-lithography methods are 
being explored to achieve micro/nano-patterning [11].
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Figure 2.1: Various different fabrication methods for micro/nano-patterning.
The contact printing or soft lithography process is convenient and cost-effective, 
compared to the lithography method. However, a mold/master piece is essential for the
micro/nano-patterning structure.  The mold/master piece could be fabricated using the 
conventional lithography method [11].
Among all the polymer deposition techniques, inkjet printing is potentially the 
most cost effective and a high through put approach with maskless and non-contact 
fabrication advantages [12].  The non-contact printing uses drop-on-demand ejector.  
Drop-on-demand inkjet printing is an additive manufacturing process which involves 
direct printing or dispensing polymer materials directly onto a substrate to build up a 
specimen part drop by drop.
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2.2 Polymer Jet Printer
2.2.1 Demand mode inkjet devices
In the market, there are manufacturers with designs of a high resolution drop-on-
demand print head for maskless lithography that requires a thorough understanding of its 
droplet formation process. A typical process of drop-on-demand printing device that 
ejects fluid droplets is described as below:
1) By sudden movement of an actuator, the device generates a high pressure wave 
inside the inkjet chamber.
2) The pressure wave propagates to the orifice and pushes a fluid column out 
through the nozzle.
3) When the desired volume of the fluid extends beyond the orifice, the pressure is 
reversed or terminated, and the liquid at the nozzle accelerates in the opposite 
direction.
4) If the change in velocity along the liquid column and kinetic energy of the fluid 
beyond the orifice is sufficient, the liquid head will continue to extend, forming a 
thin neck at the nozzle.
5) The high fluidic pressure at the thin neck magnifies the surface deformation 
which causes a liquid volume to break from the nozzle.  Surface tension then 
forms the ejected liquid head into a spherical shape.  
After droplet generation, the capillary force of the liquid meniscus refills the inkjet 
chamber through a channel to a fluid reservoir.  The whole process is illustrated in 
Figure 2.2.
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Figure 2.2: Demand mode inkjet device generating 50 µm diameter at 2kHz.
2.2.2 Droplet generation conditions of drop-on-demand inkjet devices
Many researchers have used drop-on-demand devices to study inkjet operation 
processes.  They have used custom-built inkjet printer integrated with demand mode 
devices [13-15]. In this study, we have used the commercially available polymer jet 
printer (MicroFab Technologies Inc, Plano, TX). The system comes with piezoelectric 
drop-on-demand dispensing heads with orifice diameter. Appendix A & B provide 
detailed specifications of this equipment [12] and dispensing devices [16], respectively.
It is necessary to determine and optimize the print parameters in view of a reliable 
jet conditions. Each different control parameter of the piezo-actuated printer head plays a 
role for the drop on demand generation of polymer drops. The process described above is 
governed by two phenomena:
1) the propagation of the pressure wave along the capillary tube
2) the conversion of the kinetic energy of the liquid jet into surface energy.
Both phenomena can be characterized by dimensionless numbers, namely the Weber 
number (We) and Ohnesorge number (Oh) that allow us to firstly determine whether a 
droplet is ejected, and secondly if it is free of any satellite drop.
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The Weber number, We describes the kinetic-surface energy conversion governed 
by both the speed of the jet and the surface tension. The We is the dimensionless 
parameter that determines the onset of the entrainment limit (We greater than or equal to 
1). In the case of inkjet printing, We is defined as the ratio of the momentum in the vapor 
layer divided by the surface tension force restraining the liquid, where the characteristic 
length is the nozzle diameter as given by the equation below:
We= d (1)
where
 is the density of the fluid. 
v is its velocity.
d is its characteristic length, typically the droplet diameter. 

 is the surface tension.
The Ohnesorge number, Oh characterizes the propagation of the pressure wave 
and its attenuation by viscous dissipation. In order to generate a droplet, two conditions 
need to be fulfilled. 
1) the kinetic energy must be higher than the surface energy of the drop.
2) the kinetic energy should be higher than the viscous dissipation.
This is correlated and described with We and Reynolds number respectively.  Therefore, 
Oh combines these two conditions defined as:
Oh =   =    where Re is the Reynolds number, Re=  (2)
 is the dynamic viscosity of the liquid. We must be large enough and Oh must be small 
enough to generate a drop. The above equations and optimal numbers allow us to 
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determine the inkjet velocity range suitable for monomers with fluid properties (refer to 
Appendix C for SU-8 fluid properties).
2.3 Nanohardness and elastic modulus
The two mechanical properties measured most frequently using indentation 
techniques are the nanohardness, H, and the elastic modulus, E. As the indenter is pressed 
into the sample, both elastic and plastic deformation occur, which result in the formation
of a nanohardness impression conforming to the shape of the indenter. During indenter 
withdrawal, only the elastic portion of the displacement is recovered, which facilitates the 
use of an elastic solution in modeling the contact process [17].  Figure 2.3 shows a typical 
load–displacement curve and the deformation pattern of an elastic–plastic sample during 
and after indentation. 
The sample’s nanohardness and reduced elastic modulus are calculated using the 
Oliver–Pharr method [17-18]. Nanohardness is defined as the indentation load divided by 
the projected contact area of the indentation. It is the mean pressure that a material can 
support under load. From the load–displacement curve, hardness (equation (3)) can be 
obtained as the ratio of the peak load (Pmax) and the projected contact area (A).
 =  (3)
Measurement of the projected contact area from a load–displacement curve requires the 
contact depth, hc. For the present work, a Berkovich indenter is used. For an indenter 
with a known geometry, the projected contact area is a function of the contact depth. The 
area function for a perfect Berkovich indenter, Ac is given by [17]:
! = 24.56"! (4)
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(a)
hmax represents the displacement at the peak 
load, Pmax.
hend represents the displacement after 
complete loading
hc is the contact depth and is defined as the 
depth of the indenter in contact with the 
sample under load. 
hf is the final displacement after complete 
unloading. 
S is the initial unloading contact stiffness.
(b)
a :  contact zone of 
radius
hs: penetration depth 
at unloading
Figure 2.3: (a) A typical load-displacement curve and (b) the deformation pattern of 
an elastic-plastic sample during after indentation.
However, indenters used in practical nanoindentation testing are not ideally sharp. 
Therefore, tip geometry calibration or area function calibration is needed. A series of 
indentations is made on fused quartz at depths of interest. A plot of A versus hc can be
curve fitted according to the following functional form equation (4):
! = 24.56"! + #$"!$ + #"!$ % + #&"!$ '% + ( +  #)"!$ $)% (5)
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where C1 through C8 are constants. The lead term describes a perfect Berkovich indenter, 
the others describe deviations from the Berkovich geometry due to blunting of the tip.
The elastic modulus of the indented sample can be inferred from the initial 
unloading contact stiffness, S=dP/dh, i.e., the slope of the initial portion of the unloading 
curve. Based on the relationships developed by Sneddon [18] for the indentation of an 
elastic half space by any punch that can be described as a solid of revolution of a smooth
function, a geometry-independent relation involving contact stiffness, contact area and 
elastic modulus can be derived as follows:
* = 2,-!/!0 (6)
where  is a constant that depends on the geometry of the indenter ( = 1.034 for a 
Berkovich indenter) and Ec is the reduced or composite elastic modulus, which accounts 
for the fact that elastic deformation occurs in both the sample and the indenter. Ec is 
given by:
1-! = 1 3 $

-$ + 1 3 

- (7)
Where E2 and v2 are the elastic modulus and Poisson’s ratio for the sample, respectively, 
and E1 and v1 are the same quantities for the indenter. For diamond, E1 = 1141 GPa and 
v1 = 0.07 [17].
To calculate elastic modulus, E, from equations (6) and (7), the contact stiffness 
and the projected contact area need to be determined from the load–displacement curve. 
Oliver and Pharr found that the unloading curve is usually not linear as suggested by
Doerner and Nix [20], but is better described by a power law: 
 = 7(" 3 "9) (8)
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where B and m are empirically determined fitting parameters. The unloading stiffness, S,
is then established by differentiating equation (8) at the maximum depth of penetration, h
= hmax
* = 7;(" 3 "9)<$ (9)
The contact depth can be estimated from the load–displacement data using equation (10):
"! = " 3 > * (10)
where  is a constant that depends on the indenter geometry ( = 0.75 for a Berkovich 
indenter). The above analysis is based on an elastic solution and works well for hard 
ceramics when sink-in predominates (i.e., the indented material around the indenter is 
moved below the original surface plane). However, the Oliver–Pharr method can 
underestimate the true contact area by as much as 50% for soft materials and high loads. 
Metals such as Al that exhibit a low ratio of the yield stress to elastic modulus and little 
or no capacity for work hardening generate a pile-up condition (movement of the
indented material around the indenter above the original surface plane) under 
elastic/plastic conditions [17]. This, in turn, leads to overestimations of the nanohardness 
and elastic modulus. In general, pile-up error increases with an increasing indentation 
depth. Although some correction procedures have been proposed [21], the real contact 
area measurement requires imaging of indentation impressions.
2.4 Nano scratch tester
The scratch tester is used to characterize the surface mechanical properties of thin 
films and coatings, i.e. adhesion, fracture and deformation. The technique involves 
generating a controlled scratch with a diamond tip on the sample under test. The diamond 
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tip is drawn across the coated surface under constant, incremental or progressive load. At 
a certain critical load, the coating will start to fail. The critical loads are very precisely 
detected by means of an acoustic sensor attached to the load arm together with 
observations from a built-in optical microscope. The critical load data are used to 
quantify the adhesive properties of different film substrate combinations. In addition to 
acoustic emission, the scratch testers measure the applied normal force, the tangential 
(friction) force and the penetration depth. These parameters, together with the acoustic 
emission, constitute a unique signature of the coating system under test.
Figure 2.4: The operating principle of nano-scratching using CSM nanoscratch tester.
2.5 Contact pressure and the real area of contact
Two types of configuration are examined in this study, namely ball-on-disc and 
flat-on-flat configuration. The total stresses for a sliding contact subjected to a normal 
load (Fn) and tangential point load (Ft) can be used to obtain the resultant stress 
distribution for the type of load over the contact region as shown in Figure 2.5.
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(a) Stress distribution for ball-on-disc 
configuration
(b) Stress distribution for flat-on-flat 
configuration
Figure 2.5: Stress distribution for ball-on-disc and flat-on-flat configuration.
2.5.1 Elastic contact area for a ball-on-disc configuration
Heinrich Hertz [22] worked out an analysis of elastic deformation for an elliptical 
contact area. When a spherically shaped (with radius, R) summit is brought into contact 
with a flat surface with a normal load (Fn) as shown in Figure 2.5 (a), the surfaces 
deform to create a contact zone of radius a. According to Hertz’s equations for elastic 
deformation for a ball-on-disk configuration:
Radius of the contact zone, ? = @&ABC'DE F
$ &%
where
$DE = $<GHDG + $<HHDH
(11)
Real area of contact, I = 0 @&ABC'DE F
 &% (12)
Fn Uniformed normal load,  Fn
a
Ft Ft Ft Ft Ft
a
Ft
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Mean contact pressure (normal stress), J = $K @'DE&A F &% LM$ &% (13)
Maximum contact pressure, JN = & J (14)
2.5.2 Elastic contact area for a flat-on-flat configuration
Many tribological properties, such as friction and wear, tend to be proportional to 
the real area of contact. Since contacting surfaces touch only at the top of their asperities, 
the real area of contact is typically a small fraction of the apparent area of contact as 
shown in Figure 2.6.
(a) Apparent area of contact (b) Real area of contact
Figure 2.6: Illustration of the apparent versus real area of contact.
To better comprehend the interplay between the various roughness and 
deformation parameters, the Greenwood and Williamson (G & W) model [23] is used to
illustrate how contact area depends on the roughness parameters of summit curvature (R)
and distribution of summit heights (
) together with the elastic modulus. In this model, G
& W extended the Hertzian theory of elastic contact for a sphere on a flat to the situation 
illustrated in Figure 2.6 (b), with the following assumptions about the nature of the 
contacting interface:
Fn Fn
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1. A non-deformable flat surface contacts an elastically deformable rough surface.
2. The rough surface is covered with spherically shaped asperities, all having the
same radius of curvature R.
3. The asperity heights vary randomly with either a Gaussian or exponential
distribution of summit heights.
For elastic contact between a flat surface and an exponential distribution of summit 
heights, G & W showed that [23]:
The mean contact radius, ? =  (15)
Real area of contact, I P 3 @ASF$ % BCDE (16)
Mean contact pressure, J = 0.56-! @SAF$ % (17)
From these analytical expressions, we learn some important aspects of the contact
condition shown in Figure 2.6 (b):
1. The number of asperities and the real area of contact are proportional to the 
normal load.
2. The mean contact pressure is independent of the normal load.
The G & W model can be used to predict whether the average contact pressure is less 
than nanohardness (indicating mostly elastic deformations) or greater than nanohardness 
(indicating mostly plastic deformation). For this purpose, G & W used their model to 
define a plasticity index, denoted :
Plasticity index, U = @F1 2% @-V F (18)
for characterizing contacts as elastic or plastic. If 1, the G & W model predicts that 
the average contact pressure exceeds the nanohardness and the deformations are 
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predominately plastic. If 0.6, the model predicts that the contact pressure is below the 
threshold for plasticity and the contacts deform elastically. From the definition of the 
plasticity index, we see that plastic deformation is more likely either when the material 
becomes softer (the nanohardness H decreases relative to composite elastic modulus Ec)
or when the surface becomes rougher (
increases relative to R).
2.6 The benefits of texturing
In the magnetic disk industrial, as the areal density of magnetic recording devices 
increases the magnetic flying height of the recording head over the data zone of the disk 
needs to be decreased.  The slider rests in the landing zone during shut-down period.  
This leads to the problem of stiction during the start as well as the issue of wear during 
start and stop as the slider comes in contact with the disk surface.  With the introduction 
of laser texture technique, it is possible to control the topography of the landing zone 
precisely [24] as shown in Figure 2.7.  These bumps serve as support points for the 
contacting slider reducing stiction and wear to a large extent.
 
(a) Multiple bumps of Sombrero shape (b) Blow up of single bump 
Figure 2.7: AFM image of multiple and single bumps of Sombrero shape showing the 
high reproducibility of the bump shapes and heights [24].
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Factors that affect stiction of head-disk interface include head load, slider size, surface 
roughness parameters (such as asperity height, density and size) of both slider and disk 
surfaces, geometrical conformity between slider and disk, physical and chemical 
properties of lubricants and lubricant film thickness, physical and chemical properties of 
slider and disk overcoat materials, and environmental factors such as temperature and 
humidity.  A theoretical stiction model has been applied to study the effects of disk 
variables on stiction [25].  Two categories of texture (regular texture and random texture) 
are considered. The model predicts a complicated interdependence between roughness 
parameters and their role on stiction. Good agreements between model and the 
experimental data have been confirmed [26]. Durable head-disk interface is feasible by 
precise control of the bump topography in laser texturing [27]. Micro-textured flying 
head slider bearing is discussed to increase the air film damping. The optimum values for 
high air film damping ratios are obtained.  It is found that transverse micro-textures 
having small spacing are not very effective, which are equivalent to the surface roughness 
effect [28]. The idea of using bumps for reducing stiction has applications in other 
devices such as MEMS.
2.7 MEMS tribology
Micro-Electro-Mechanical Systems (MEMS) are miniaturized devices that are 
made from Si.  As Si is a material compatible with Integrated-Circuit (IC) technology, it 
has been vastly employed in the fabrication of MEMS devices.  For MEMS, tribology is 
an important enabling technology with challenges both at the stages of fabrication,
especially the optimization of chemical mechanical polishing and the control of release 
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stiction, and at device and system operation [29]. Some examples of the different types 
of MEMS devices are shown in Figure 2.8 (a) to (d).
(a) (b)
(c) (d)
Figure 2.8: Examples of different types of MEMS devices: (a) Microturbine [30], (b) 
Micro gears [31], (c) Digitial micro-mirror [32] and (d) Microgripper 
[33].
Much of the current MEMS technology is based on Si or SU-8 materials although
these materials have tribological limitations. They demonstrate high friction and wear 
when they are slid against themselves in dry condition. In such conditions, the function 
of a machine is terminated by either the growth of excessive relative tolerances between 
the articulating members or by the generation of the associated wear debris, real-time 
lives reduce as scale falls. This means that the tribological property requirements on
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small devices are even more stringent than those of their full scale counterparts and thus 
an acceptable tribological properties are highly desirable.
Within MEMS, conventional liquid lubrication is not feasible because of either 
meniscus effects or viscous pumping or churning losses. SAMs (Self-Assembly 
Monolayers) applied to sliding surfaces may provide acceptable combinations of low 
friction and wear though robustness and replenishment may be issues of concern. In dry 
running MEMS and micro mechanical assemblies, surface treatments or alternative 
candidate materials must be compatible with MEMS fabrication routes.
In parallel with these requirements in the materials science, modeling and
predicting the behaviour of small-scale systems is challenging, not only because of the 
inclusion of surface energy effects into their contact mechanics but also because of the 
different factors by which component dimensions and surface topography may change as 
the scale of the device reduces. Table 2.1 provides an overview of the studies carried out 
in MEMS tribology field.
2.8 Friction Mechanism of Polymer
Tribology is the science and technology involved when two surfaces interact in 
relative motion [45].  During the interaction of these two surfaces, forces and energy are 
transmitted and converted; this alters the physical and chemical natures of the interacting 
materials. Such phenomena between interacting surfaces often determine the usefulness 
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Interacting materials are often influenced by factors such as adhesion, friction, 
wear durability and the presence of lubricants or contaminants.  By understanding the 
problems associated with this interfacial phenomenon, we can provide a smooth running 
and satisfactory life for machine components. 
Coefficient of friction is one of the most important factors to be studied for 
tribological investigation of materials in general. This section will review the 
mechanisms of friction of polymers. 
Bowden and Tabor explained that the shear stress, 	is directly proportional to the 
contact pressure, P beyond an initial shear stress, 	o, as [46].
	= 	o +  (19)
where 	o is the initial or intrinsic shear property and is the pressure coefficient. 
Shear stress is further defined by friction force (F) divided by the real area of contact 
(Ar).  i.e. 	 = (F/Ar). Similarly, contact pressure can be defined as applied normal force 
(Fn) divided by the real area of contact, i.e. P = (Fn/Ar).  
Since friction force is of interest to investigate, equation (19) can be re-written to
F/Ar = 	o + (Fn/Ar) (20)
In equation (20), as the pressure increases for higher load conditions, the initial shear 
stress 	o becomes very small and can be assumed zero when the applied normal load is to 
reach much higher, i.e. (Fn/Ar) 	o [47].  Therefore, for higher applied normal loads, 
equation (20) becomes:
F = n or ~  (21)
Where µ is defined as the coefficient of friction and is analogous to  or the slope of the 	
vs P curve. Coefficient of friction is further classified into static and dynamic friction 
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due to the nature of forces applied.  Static friction force or stiction is the force that resists 
the onset of motion.  The coefficient of static friction is defined as follows:
Coefficient of Static friction, µs =
XX! BI!XNM BNI!YZ[[\Y ]NI\ BNI!Y (22)
On the other hand, the dynamic friction force is the force that resists motion.  The 
coefficient of dynamic friction or steady state friction is defined as follows:
Coefficient of Dynamic friction, µd =
^_M! BI!XNM BNI!YZ[[\Y ]NI\ BNI!Y (23)
Molecularly, the frictional behavior of polymers is relatively more complicated than that 
of metals or ceramics. Due to the visco-elastic nature of polymers, many factors such as 
load, geometry and loading time influence friction between interacting polymers.
2.9 Wear of Polymers
The mechanisms of wear can be characterised as the removal of materials from a 
solid surface due to mechanical actions. It is measured by various means such as the loss 
by mass, or volume from a moving contact. The moving contact is provided by
mechanical actions that generate and/or transfer force such as cavitations forces, capillary 
force, electrostatic force, van der Waals forces, etc. These forces cause damage to the 
contact members and consequently, the related surfaces lose their mechanical cohesion, 
thereby generating debris.  
The different types of material removal and main wear mechanisms are shown below:
Figure 2.9: Main polymer wear mechanisms classification.
Wear Mechanisms
Adhesion Abrasive Fatigue Erosion Corrosion
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The Archard wear equation is a fundamental model based on the theory of asperity 
contact [48].
Volume of wear debris produced, Q = `a BCb (24)
Where k: dimensionless constant describes the probability to generate a wear particle
L: distance of sliding
Fn: Applied normal load
H : Hardness of the softest contacting surfaces.
For most of the polymer materials, the tribological characteristics reported depend on the 
following factors [49]:
1. the materials properties of the transfer film
2. physical and chemical nature
3. strength of bond, 
4. the part of counterface area covered with transfer film
5. the interface properties of the transfer film.
Generally, the main mechanisms of wear for polymers are adhesion, abrasion, and 
fatigue [50-51]. Figure 2.10 shows illustration on the main mechanisms of wear for 
polymers.
Adhesive wear is directly related to the contact of bearing materials.  This mode 
of wear occurs when the roughness is low and friction results from the shear of friction 
junctions between asperities.  It was noted that the material transfer of a polymer is the 
most important characteristic of the adhesive wear of polymer-based materials [52].
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a)  Adhesive wear mechanism
                
b)  Abrasive wear mechanism
c)  Fatigue wear mechanism
Figure 2.10: Schematic diagram of (a) adhesive[53], (b) abrasive[53] and (c) fatigue 
wear [53]mechanisms.
There are two types of materials transfer to describe wear mechanisms of polymer:
1. Adhesive wear - are caused by related motion.  It is the plastic deformation that 
creates wear debris and promotes material transfer from one surface to another.  
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The nature of the material transfer greatly affects the steady-state coefficient of 
friction and wear rate of polymers.  For example, if the small particles of micron size are 
transferred from one surface to another, the wear rate varies slightly.  Under certain 
conditions, the situations take place such that a thin film of the soft material is transferred 
onto the hard counterface.  The amount of transfer to the counterface varies according to 
the load, surface energy and the geometry of its counterface.  
In addition, the molecular orientation which aligns with the sliding direction also 
aid in reducing the coefficient of friction.  However if the sliding direction is reversed to 
the molecular orientation, the frictional behaviours change. If the transfer film is thick, 
back to back polymer transfer mechanism may occur, leading to high wear rate [54].
Other factors such as molecule type and glass transition temperature have great influence 
on the tribological properties of the bulk polymers and the transfer layer. 
Abrasive wear occurs when the strength of the adhesive bonds formed between 
the contacting materials exceed the cohesive strength of the polymer.  As a result, some 
part of the material is transferred onto the counterface and forms a transfer film; another 
part of the worn materials is removed from the friction zone as the wear debris.
There are two distinct modes of deformation when an abrasive particle acts on the 
plastic material.  The first mode is the plastic grooving often referring to as ploughing.  
The second mode similar to micromachining and polymer displaced by the particle is 
removed as a chip.
For wear mechanism in polymer, there are two types of interfaces based on: 
1. two-body abrasive wear – hard asperities on one surface ploughs and scratches 
onto the counterface.
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2. three-body abrasive wear – free abrasive particles are trapped and penetrated into 
the polymer surface which begins to increase the wear rate.
The wear rate can increase or decrease in abrasive manner. If the loose abrasive 
particles form a thin layer on either of the two sliding surfaces or both, the nature of the 
sliding mechanism may change from abrasive to a transfer layer. 
Based on Archard wear equation (24), the abrasive wear is related to the bulk 
mechanical properties as proposed by Ratner et al. [55] and Lancaster [56-57], and the 
relation is given as:
c = fLM-g> (25)
where Q is the wear volume, K is the proportionality constant, Fn is the normal load, v is the 
sliding velocity, H is the hardness of the polymer, Eu is the ultimate tensile stress and is the % 
elongation to break. 
The fatigue wear of polymers is caused by the crack propagation at the repeated 
deformation of the material.  Fatigue results would be in the pitting, crack generation, 
delamination and even failure.  The wear debris are formed as a results of the growth and 
intersection of the small cracks on the polymer surface.  
The initiation of the fatigue cracks is assisted by the defects, which are well 
known for stress concentration.  For examples, scratches, dents marks, pits on the surface, 
impurities, voids, cavities, etc. After a certain number of the stressing cycles, the cracks 
would manifest due to the repeated stressing, gradually grow and cross each other and
meet at the surface until the wear debris are detached.
The fatigue wear rate is dependent on several factors including physical,
mechanical and chemical properties of solid surface, lubricant, environment, surface 
quality, temperature, etc. The friction force can be reduced by lubrication. This could 
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happen when the tensile stress drops and the fatigue wear to the surface damage is 
insignificant.
2.10 Summary
After having studied the analysis of inkjet, nano-mechanical theory, tribology 
technology, material selection, various fabrication processes and metrology methods, 
many aspects are needed to fullfill a robust and reliable MEMS device.  Fabrication and 
production timing could be reduced if the appropriate materials are selected that is 
compatible with the micro-fabrication process.
Tribology is essential to be addressed when two surfaces come into contact and 
sliding or rolling takes place. Proper studies are needed to obtain the most effective and 
efficient way of solving tribological issues. 
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CHAPTER 3
Apparatus and Experimental Procedures for the Micro-Dot 
Patterns
In this chapter, we will describe the various common experimental methods 
used for materials, surfaces, geometry, nano-mechanical, and tribological 
characterization of the SU-8 films and patterns developed in this research.  Details of 
the materials used, optimized printing parameters, film coating and sample 
preparation are given in respective sections for easy reference.
3.1 Materials
The main materials used in this research work are listed in Table 3.1.
Table 3.1: Detailed description of the materials used for this research work.
Materials Chemical Name Density Source
Bare Si Wafer Si (n-type) 2.33g/cm3
Syst Integration Pte Ltd, 
Singapore
SU-8 Monomer Organic Resin Solution.
1.07
g/mL
MicroChem Ltd (U.S.A) 
Distributor: TELTEC 









Solvay Singapore Pte Ltd
Distributor: APP systems 
Services Pte Ltd, Singapore
The Si wafer (Diameter 100 mm) is commonly used in semiconductor and 
integrated circuited industries.  SU-8 is an epoxy based negative photoresist usually 
used for micro fluid channel application. PFPE is widely used in the magnetic hardisk 
industry to provide nano-lubricantion to surfaces at micro/nano-scale.
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The material properties are listed in Appendix C.  These properties could be 
used for cross reference and to determine the contact pressure as discussed in chapter 
2.
3.2 Process flow
Figure 3.1 illustrates the entire process-flow of the work, starting from the 
preparation of bare Si surfaces, fabrication of the micro-dot patterns to the combined 
(pattern and nano-lubrication) modifications of the Si surfaces. Table 3.2 has list of 
the specimens prepared for the investigation of their tribological properties.
Table 3.2: Types of specimen prepared.
Type Specimen Description
1 Si (Bare)
Bare Si surface cut from Ø 100 
mm wafer
2 Si/PFPE Bare Si over-coated with PFPE
3 Si/SU-8 (Spin-coated) Bare Si with SU-8 coated film
4 Si/SU-8 (Spin-coated)/PFPE
Bare Si with SU-8 coated film 
over-coated with PFPE
5 Si/SU-8 micro-dot patterns (vary pitch length) Bare Si with SU-8 micro-dot      
6 Si/SU-8 micro-dot patterns (vary pitch length)/PFPE
Bare Si with SU-8 micro-dot 
over-coated with PFPE
The micro-dot patterns with varying pitch lengths starts from 50 µm to 250 µm with 
an interval of 50 µm, and 250 µm to 650 µm with an interval of 100 µm have been 
prepared.
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Figure 3.1: Process flow chart showing the entire process flow of the work in the 
research.
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3.3 Specimen preparation
3.3.1 Bare Si preparation
Bare Si (Polished n-type Silicon, obtained from Syst Integration Pte Ltd) 
substrates of approximately 475 - 575 µm in thickness were used to cut 15 x 15 mm 
square samples for the polymer jet printing of micro-dots. Initially, the Si substrate 
was subjected successively to ultrasonic cleaning with acetone for 10 minutes to 
remove any contamination followed by drying with nitrogen gas.  Finally, 10 minutes 
surface treatment using an oxygen plasma cleaner (Harrick Plasma, PDC-32G) was 
carried out employing the maximum RF power supply of 18W for better bonding and 
adhesion. The cleaned Si substrate is subsequently referred as bare Si.
Figure 3.2: Harrick Plasma (PDC-32G) used for the oxygen plasma treatment on 
the bare Si substrate.
3.3.2 Spin-coating with SU-8
Monomer SU-8 (Grade 2000.5, Microchem) is a viscous and non-Newtonian 
liquid (a fluid in which the viscosity changes with the applied shear stress). Please 
refer to Appendix C for the SU-8 bulk material properties before and after cured. The 
SU-8 is a negative, epoxy-type, near-UV (350-400 nm) photoresist designed for 
micromachining and other microelectronic applications. A single molecule of SU-8
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contains eight epoxy groups.  When exposed to UV, SU-8 long molecular chains 
cross link, resulting in high strength due to the exceptionally high functionality of SU-
8.  SU-8 is selected due to its comparable hardness and glass transition temperature 
(Tg > 200 oC) to those of other polymers such as acrylic, nylon, polycarbonate, and 
phenolic [58-60] and hence can be used for texturing of polymer surfaces as well.
Bare Si substrate was also cut to approximately 25 mm x 25 mm square 
samples for SU-8 spin-coated specimen. Same cleaning procedure was followed as 
described before. After cleaning, 1 micro liter of SU-8 was dispensed on the 25 x 25 
mm Si specimen.  Spin-coating (Figure 3.3) was performed at 500 rpm for 35-40
seconds with an acceleration of 100 rpm/second followed by 2000 rpm for 120 
seconds with an acceleration of 300 rpm/second.  This specimen is referred to as spin-
coated specimen (Si/SU-8).
Figure 3.3: Spin coater used to coat SU-8 monomer on Si substrate.
3.3.3 Micro-dot patterns with SU-8
3.3.3.1 Selection of SU-8 for fabrication process
The monomer SU-8 micro-dots were fabricated using polymer jet printer. The 
specification of the fluid properties with viscosity less than 20 µm2/s and surface 
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tension was in the range of 20-70 mJ/m2. The diameter of the nozzle on the droplet 
dispenser was 50 µm. After performing various iterations using equation (1) to (3)
from chapter 2, the inkjet velocity was determined to be in the range from 1 to 2 m/s.
The diameter of the nozzle on the droplet dispenser was 50 µm. With the 
correct parameter setting such as back pressure (-2.4 kPa) required by the controller 
and wave plus (rise 3.0 µs, dwell 40.0 µs and fall time 3.0 µs) of the piezoelectric 
actuator, polymer materials would be printed successfully onto the Si substrate (refer 
to manufacture’s tutorial manual for details operations [61]). This specimen is 
labeled as SU-8 pattern specimen. Figure 3.4 (a) shows the droplet generation 
condition in using drop-on-demand device. In order to generate drops, a waveform is 
sent to the piezoelectric actuator surrounding the glass capillary.  The shape of this 
waveform is shown in Figure 3.4 (b).  
Figure 3.4: (a) Single droplet was ejected from orifice 50 µm diameter. (b) Typical 
waveform which setting parameter of rise time = 3.0 µs, dwell time = 
40 µs at 14 V, fall time = 3.0 µs, echo dwell time = 90 µs at -5.0 V, 
final rise = 3.0 µs.
In the current study, a patterned area of 7 x 7 mm was prepared on Si substrate 
with SU-8 micro-dots array as shown schematically in Figure 3.5 (a).
(a) (b)
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Figure 3.5: (a) Micro-dot patterns of an area of 7 x 7 mm.
The pitch (centre to centre) of the array of dots was varied to study the 
variation of friction with pitch length and thus experimentally determine the
optimized pitch which exhibits least coefficient of friction and highest wear life. 
Optical images are captured as shown in Figure 3.5 (b) to (g) showing various pitch 
lengths for which SU-8 was cured.
3.3.3.2 Curing of SU-8
Curing was carried out for SU-8 polymer applied to both spin-coated and SU-
8 micro-dot textured specimens. As recommended from datasheet [59], after coating 
SU-8 specimen, pre-bake is conducted on the hot-plates (Figure 3.6 (a)) in a chemical 
hood. Timing was 1 minute at 95 oC followed by ultra violet light exposure (Figure 
3.6 (b)) for 4 minutes at a power of 70 mJ/cm2 for cross-linking. Finally, post 
exposure bake was carried out for at least 30 minutes at 150 oC for cure fully.
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(b) 150 µm (c) 200 µm
(d) 250 µm (e) 350 µm
(f) 450 µm (g) 550 µm
Figure 3.5: (b) – (g) Optical images captured for various pitch length of 150 µm, 
200µm, 250 µm, 350 µm, 450 µm and 550 µm.
Chapter 3 Apparatus and Experimental Procedures for the Micro-Dot patterns 
Page 41
(a) Hot plate (b) Blak-Ray B 100AP
Figure 3.6: (a) Hot plate for pre-braking and hard-braking for SU-8. (b) UV light 
exposure for UV treatment for SU-8.
3.3.4 Over-coating with PFPE
A 0.2 wt% solution of PFPE (perfluoropolyether) Z-dol 4000 dissolved in a 
solvent (H-Galden ZV60) was over-coated onto the test specimens for wear tests. 
Specimens were over-coated using a custom built machine (Figure 3.7) which could 
submerge and withdraw the specimen at a speed of 2.1 mm/s, with a dip coating 
duration of 30 seconds.  The PFPE film formed with the above depositional 
conditions provides a film thickness of approximately 2 nm [62-63].  All of the test 
specimens were kept in a desiccator and were left overnight to allow the PFPE film to 
stabilize before conducting any test.
3.4 Surface characterizations
Upon the fabrication of the test specimens, the specimens were characterized 
for their surface characteristics using several equipments, as mentioned below:
3.4.1 Optical Microscope
An optical microscope (Figure 3.8) is used to capture the optical images of the 
micro-dot patterns and observe their fidelity, so as to ensure the formation of proper 
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patterns.  The microscope is able to magnify images from 50 to 500 times of the 
original images.
Figure 3.7: Dip coating machine for PFPE over-coating on specimens.
Figure 3.8: An optical microscope (OLYMPUS) used to characterize the micro-dot 
patterns fabricated by a polymer jet printer.
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3.4.2 Water contact angle and surface energy
The water contact angle and apparent surface free energy of different 
specimens were determined by VCA Optima Contact angle System (AST product, 
Inc., USA) as shown in Figure 3.9. Distilled water droplets of 0.25 µl were used for 
the measurements. The water contact angles are reported as average of five 
independent measurements on the specimens with a standard deviation of 2o.
Apparent surface free energy was determined by conducting contact angle 
measurements on the specimen using distilled water, ethylene glycol and hexadecane. 
Figure 3.9: VCA Optima Contact Angle System used to measure water contact 
angle and surface energy on the test specimens.
For the water contact angle analysis, water contact angle was measured at 
three interfacial energy balances at the edge of a drop by applying Young’s equation 
which was written in the form
cos j =  3 \\ (26)
where  is the contact angle,  is the interfacial energy, and the subscripts SV, 
SL, and LV represent surface–vapor, surface–liquid and liquid–vapor interfaces, 
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respectively. A detailed explanation on the computation of interface energy was given 
in reference [64].
The apparent surface free energy was calculated by using Acid-Base Theory.  
This was to evaluate energy based on energy interchange model of acid and base.
(1 + Vklj) = 2 mn + n  + np (27)
 =  + 2n;
where:
i : Contact angle of testing drop i
: Surface tension of testing drop i
: Surface tension contributed by acid
: Surface tension contributed by base
: Dispersion portion of surface tension
 =  + 2n
and
: Surface tension of testing surface
: Testing surface tension contributed by acid
: Testing surface tension contributed by base
: Dispersion portion of testing surface tension
Water contact angles for the spin-coated sample and SU-8 micro-dot textured 
specimens are shown in Figure 3.10 (a) & (b).  It was noted that pitches 100 µm and 
150 µm showed almost the same water contact angle but different in the apparent 
surface free energy. The reason was due to the formulation of the above equations (26) 
& (27). There was a slight drop as the pitch increased to 200 µm and 250 µm.  With a 
further increase in the pitch, the contact angle decreased.   Compared to the spin-
coated specimen (Si/SU-8), which has shown a contact angle of 97o, all SU-8 textured 
specimens with different pitches have shown lower contact angles. Si is hydrophilic 
and as a result of that as the pitch of the SU-8 texture increases, the contact angle 
decreases because of the increased exposed surface of Si. The hydrophilic nature of 
Si surface with high surface energy has much stronger effect in lowering the water 
contact angle (WCA) than the effect of texture on increasing the WCA.
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Spin-coated Pitch = 50 µm Pitch = 100 µm Pitch = 150 µm
Pitch = 200 µm Pitch = 250 µm Pitch = 350 µm Pitch = 450 µm
Figure 3.10: (a) Optical image of water contact angle measurement for SU-8 spin-
coated and micro-dot patterned Si substrate with respect to the pitch 
size.
Figure 3.10: (b) Water contact angles and total surface energy for SU-8 spin-
coated and micro-dot patterned Si substrate with respect to the pitch size.
Neither bare Si nor SU-8 polymer provides good tribological performance [65-
66].  Si substrate coated with SU-8 materials had a contact angle of ~97o and bare Si 
had ~10o, respectively. By varying the pitch, the water contact angle and the apparent 
surface free energy did not show any major change but a gradual decrease from the 
SU-8 spin-coated to bare Si surface. Figure 3.10 shows the apparent surface free 
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shows the lowest apparent surface free energy, 23.8 mJ/m2. The apparent surface free 
energy gradually increases to 32.3 mJ/m2 for the pitch length of 450 µm.
3.5 Nano-mechanical property characterizations
3.5.1 Nanoindentation 
MTS Nano indenter ® XP (MTS Corporation, Nano Instruments Innovation 
Center, TN, USA) was used to measure the hardness (H) and elastic modulus (E) of 
the SU-8 thin film.  A small and sinusoidally varying signal is imposed in the
continuous stiffness measurement (CSM) technique in addition to a DC signal, for 
driving the motion of the indenter. The contact stiffness, S can be alternatively 
measured during the loading portion of an indentation test using the CSM technique. 
The CSM is accomplished by imposing a harmonic force, which is added to the 
nominally increasing load, P, on the indenter, as shown in Figure 3.11(b). The 
displacement response of the indenter at the excitation frequency and the phase angle 
between the two are measured continuously as a function of depth. Solving for the in-
phase and out of-phase portions of the response results in an explicit determination of 
the contact stiffness, S, as a continuous function of depth (Chapter 2 equations (3) to 
(10)).
The data are obtained by analyzing the response of the system using a 
frequency-specific amplifier. H & E are determined in CSM technique through 
functions of indentation penetration depth with load and unload cycle [67]. A 
Berkovich diamond indenter was employed for all the indentation tests.  The final 
depth of indentation was set to 500 nm and a minimum of 5 indentations on different 
surface locations were carried out to obtain average values of the elastic modulus and 
hardness. Figure 3.11 shows the close-up of main chassis and CSM loading cycle.
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(a) MTS Nano indenter XP close-up of 
main chassis
(b) Schematic of the CSM loading cycle
Figure 3.11: (a) MTS Nano indenter XP (MTS Corporation, Nano Instruments 
Innovation Center) and (b) Schematic of the CSM loading cycle.
3.5.2 Nano Scratch Tester
CSM nano scratch tester is a very efficient automated method of determining 
the adhesion or scratch resistance of thin films. The double cantilever beam associated 
with a piezoelectric (Figure 3.12) for fast response time, two sensors for continuous 
force and depth measurements during the nano scratch test, as well as the active force
feedback loop control combined with the piezoelectric are key characteristics for 
scratch testing under low loads (from microNewtons to one Newton force). The 
conical shaped diamond indenter with a cone angle of 90o and 2 µm radius was used.
The nanohardness and elastic modulus values were not significantly altered for such 
radius. For each test, a scratch length of 150 µm at progressive and constant load
were made at a scratch velocity of 2.5 µm/s.  The scratch was then imaged using 
optical microscope to understand the scratch resistance of SU-8 film. 
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Figure 3.12: Spherical scratch diamond indenter with double cantilever beam 
associated with a piezoelectric.
3.6 Geometry measurement
To measure the film thickness, SU-8 step-height coating is achieved by adding a 
sacrificial layer to be peeled off after spin-coating. The coating thickness and 
roughness are measured using Veeco NT1100 optical profiler (Figure 3.13).
Thickness is measured using line scan across the step-height coating specimen, and 
roughness was measured on the entire SU-8 spin-coated area. The coating thickness 
step was measured as ~ 0.7 µm and the RMS roughness (Figure 3.14) was measured 
as 1.15 nm with standard deviation of 0.13 nm (scanned size 124 x 93 µm) for several
measurements at different locations.  This scanned size was selected to compare with 
a single micro-dot and localized RMS roughness.  Obviously, it could not represent 
the whole geometry of the actual sample (7 mm X 7 mm).    However, both the spin-
coated surface and single micro-dot were selected randomly for measurement.
Optical profiler was used to measure diameters and heights of the SU-8 micro-
dots. The pitch of the micro-dot array was varied from 150 µm to 450 µm. The 
average diameter of the dots was measured as 108.8 µm with standard deviation of 
1.95 µm.  The average height was 1.14 µm with a standard deviation of 0.15 µm. 
However, there was no relation between the pitch distances.  There were many factors 
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to control the diameter and height, for examples, nozzle diameter, setting parameter 
from waveform, back pressure, drop velocity, drop angle, type of fluids, surface
treatment on the printed substrate. Figure 3.15 (c) and (d) show the topography for 
micro-dot patterns in different magnification.
Figure 3.13: Optical profiler (Vecco, NT1100) used to measure the surface 
roughness, diameter and height of the test specimens.
Figure 3.14: Topography images of Si/SU-8 spin-coated specimen (scanned size 
123.8 x 92.9 µm) with a 500 times magnification of image.
In the case of uniform contact area on a dimple as shown in Figure 3.16, to a 
large extent, the experimental condition matched closely with the ideal case of the G 
& W model as an ideally smooth surface (SU8 spin-coated, top plate) contacts a 
rough surface (SU8 micro-dot patterns on the bottom specimen) where the asperities 
have identical hemi-spherically shape.
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(a) Cylinder chart to indicate measured dropped diameter variation in 
different pitch length.
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(c) 100 times magnification of optical 
image of pitch 350 µm.
(d) 500 times magnification of optical 
image of pitch 350 µm.
Figure 3.15: (a) – (d) Diameter and height measurement with topography images of 
Si/SU-8 micro-dot patterns specimen with a 100 and 500 times 
magnification of image of pitch 350 µm.
The hemi-spherical shape has nearly identical radii of curvatures and with a 
Gaussian distribution of summit heights. These information would be used to 
calculate contact pressure as will be discussed in Chapter 5.
Figure 3.16: Uniform area contacts between SU8 spin-coated (top plate) and rough 
surface (SU8 micro-dot patterns on the bottom specimen).
The statistical data from the optical profiler measurement are shown in Table 3.3.
Table 3.3: Statistics data from the optical profiler measurement.
Specimen Measurement Value Standard Deviation
Spin-coated 
top plate
Mean thickness 0.7 µm 0.03
Roughness 1.15 nm 0.13
Micro-dot patterned 
bottom specimen
Radius of curvature of the 
micro-dot pattern, R 1460.77 µm 67.51
Mean height 1.14 µm 0.15
Mean diameter 108.8 µm 1.95
Pitch length 50 to 650 µm with increment of 100 µm
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3.7 Tribology characterization
A commercial tribometer (Figure 3.17) CSM nanotribometer, Switzerland) 
was used for friction and wear tests. It is important that the equipment is compliant
with the tribometer standard of ASTM G99-95a - Standard test method for wear 
testing with a pin-on-disk apparatus [68] and ASTM G133-G95 Standard test method 
for linearly reciprocating ball-on-flat sliding wear [69]. The specifications of CSM 
nanotribometer are shown in Appendix A.
Figure 3.17: Commercial tribo-tester (CSM nanotribometer from CSM 
Instructments, Switzerland) used to characterize the tribological 
properties of the test specimens.
A sphere is mounted on the tip of a stiff cantilever, which acts as the force 
transducer. The tip of this calibrated cantilever, and therefore the sphere has freedom 
of mobility in both vertical and horizontal directions. The sphere is loaded onto the 
test sample with a precisely known force using piezo-actuation. The friction 
coefficient is determined during the test by measuring the deflection of this elastic 
arm in both horizontal and vertical planes with two high precision displacement 
sensors. These sensors not only allow the measurement of the imposed horizontal 
frictional force that is produced as the sample is moved under the cantilever, they also 
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allow the system to fix the normal load through a feedback loop, and the piezo-
actuation maintains this load independent of any surface irregularities.
3.7.1 AFM and Nanotribometer
Most of MEMS are in the range of meso to microscale device and hence we 
have to examine the wear, friction, stiction and lubrication at these relevant length 
scales.  Wear resistance is not only a materials property (for example, un-lubricated 
sliding wear in air), the wear rate also depends on geometry, sliding velocity, surface 
roughness, material properties (including hardness, elastic modulus, thermal 
conductivity, composition, microstructure), atmospheric condition, temperature etc. 
There is a reason why nanotribometer is chosen instead of AFM measurement.  As 
shown in Figure 3.18, the AFM tip is penetrated to the water film layer (absorbed 
onto the Si oxide layer) whereas for the nanotribometer, due to the large curvature of 
radius, it lands to the wafer film layer.
Figure 3.18: Comparison between AFM tip and nanotribometer measurement.
The advantage of nanotribometer is that the mode of contact is close to an area of 
contact with the contact pressure in the range of a few hundred MPa. Whereas in the 
case of AFM, due to the fine tip, the contact pressures can be in Giga Pascal range 
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with Mili-Newton load applied.  The mode of contact in AFM is not characteristic of 
many Microsystems.
This simple method facilitates the study of friction and wear behaviour of 
almost every solid state material combination, with or without lubricant. Furthermore, 
the control of the test parameters such as speed, frequency, contact pressure, time and 
the environmental parameters (temperature, humidity and lubricant) allows one to 
closely reproduce the real life conditions of a practical wear situation. This tribometer 
is unique instrument to the load range ranging from 1  to 1000 mN by using 
different load cantilever. It can perform both linear reciprocating and rotating tests.
In this report, two types of test configuration were used as described:
3.7.2 Ball-on-disk configuration
Figure 3.19 shows a schematic drawing of a typical ball-on-disk wear test 
system. The system consists of a driven spindle and chuck for holding the revolving 
disk, a cantilever sensor to hold the spherical ball, and attachments to allow the ball 
specimen to be forced against the revolving disk specimen with a controlled load. The 
lateral friction is recorded to relate between wear properties and surface parameters or 
environmental conditions. A silicon nitrite (Si3N4) ball of 2 mm diameter was 
employed as the counterface, with surface roughness of 5 nm (from supplier data).
where
Fn: Normal load
R: Radius of the track




Figure 3.19: A schematic of ball-on-disk configuration used for the initial coefficient 
of friction and wear durability test.
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3.7.3 Flat-on-flat configuration
Figure 3.20 (a) shows the arrangement for the reciprocating flat-on-flat wear 
test.  A square plate of 2 x 2 mm is mounted on the cantilever which is fixed and the 
plate is reciprocated with a fixed stroke length.  The aim of the new configuration is 
to provide a device for measuring friction conditions which represents MEMS flat 
surface and side walls. Modified flat-on-flat reciprocating test configuration is shown




Ft: Tangential or frictional force
S: Specimen
L: Length of stroke, mm; 2 strokes = 
1 cycle
(b) (c)
Figure 3.20: (a) A schematic of flat-on-flat configuration used for the wear 
durability test. (b) Schematic of the top plate attachment to the force 
sensing cantilever of the CSM nanotribometer and (c) Schematic of the 
top plate and bottom specimen.
The modified device which examines the friction conditions between the





2 x 2 mm
2
Si substrate
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be determined by means of a normal force sensor. The tangential force that also acts 
between the corresponding friction partners is determined using a friction force sensor.
All the experiments were repeated at least three times for each set of 
experimental conditions. The experiments were conducted in ambient atmosphere at 
room temperature (23 oC) and a relative humidity of approximately 60 % in a class-
100 clean booth.   
3.7.4 Calibration
These cantilevers are pre-calibrated in the factory for the normal stiffness (Fn)
and tangential stiffness (Ft) and the values are listed in table 3.4.
Table 3.4: List of cantilever correspondence to calibrate normal (Fn) and 
tangential (Ft) stiffness values. 






LL-207 Low load 0.0360 0.0551
ML-220 Medium load 0.1885 0.3055
ML-225 Medium load 0.1182 0.0884
HL-217 High load 2.4606 4.2539
HL-225 High load 1.3798 0.9331
All the cantilevers are statistically constant within a standard deviation of ±2% 
of the test load.  For example, the applied normal load of 50 mN would have standard 
deviation of ±1 mN.  This variation is to be expected during the oscillating tests, the 
normal load varying slightly about the mean value due to the dynamics of the machine.
3.8 Summary
1. In the micro fabrication process, monomer SU-8 2000.5 was selected for 
the polymer jet printer. By knowing the fluid properties, optimizing the 
correct droplet generation and selecting appropriate operating parameters 
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for the drop-on-demand device, the patterned area of 7 mm x 7 mm was
successfully printed on Si substrate with SU-8 micro-dot patterns.
2. The pitch of the array of dots was varied in order to study the variation of 
friction with pitch length and thus to experimentally determine the 
optimized pitch which exhibited least coefficient of friction and highest 
wear life.
3. The water contact angle, surface energy, roughness, nano-mechanical 
property, height, and diameter of the various pitch length were 
characterized for the patterned specimens.
4. Two types of test configuration were selected: 1) Ball-on-disk 
configuration, 2) Flat-on-flat configuration. The cantilever was modified to 
suit the experimental objectives.




Upon fabricating the test specimens, it was necessary to know the mechanical 
properties of the micro-dots and spin-coated SU-8. Some mechanical properties of 
bulk and coated SU-8 film are provided in Table 4.1 for reference. 
Table 4.1: Mechanical properties of bulk and coated SU-8 film.
Property Bulk SU-8a Coated SU-8 385 µmb
Elastic modulus (GPa) 2 5.25 - 6.21
Hardness (MPa) Not given 432.5
aSupplier website [59] and bHalhouli et al [60]
The characterization  process to verify the nano-mechanical properties were carried 
out using various equipments/methods, as mentioned below:
4.1 Elastic modulus due to substrate effect
SU-8 spin-coated (Thickness ~0.7 µm) and micro-dot patterns (Pitch = 50 µm, 
Thickness ~15 µm) are selected to test for elastic modulus and nanohardness 
properties. The stiffness of the two elastic elements comprising the SU-8 film and Si 
substrate are essentially in series as shown in Figure 4.1.  In the indentation stress 
field, its  load is supported not only by direct compression in the vertical direction but 
also by compressive stresses acting inwards from the sides.  This phenomenon makes 
the contribution from the top film more significant than  expected from simple 
compression in the vertical direction only.  Since there is always some elastic 
displacement of the substrate during an indentation test, there is substrate effect that 
contribute to both elastic modulus and nanohardness measurement of the coated film.
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Ef: Elastic Modulus of SU-8 film
Es: Elastic Modulus of Si substrate
h: Depth of indentation
t: thickness of the SU-8 film
Figure 4.1: A SU-8 coated film system comprising two elastic elements in series.  
Despite the fundamental difficulties in extracting the film modulus from the 
load-indentation depth data, it is relatively straight forward to use continuous stiffness 
measurement (CSM) technique with an indenter at differing depths and to plot the 
measured combined effective modulus Eeff against the scaling parameter h/t as 
suggested by Fisher-Cripps [70].
Figure 4.2: The effective elastic modulus of the (a) SU-8 spin-coated, and (b) 
Micro-dot patterns (Pitch=50 µm, Thickness ~15 µm). Eeff was
determined by extrapolating measured value of effective modulus to 
zero value of h/t.
Eeff  = 27.38 (h/t)2 + 2.8143 (h/t) + 6.0451 






















Eeff = 5.125 GPa
(a) SU-8 spin-coated 
Eeff = 6.045 GPa
(b) SU-8 Micro-dot patterns 
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From Figure 4.2 (a) curve, the elastic modulus for SU-8 spin-coated specimen 
(Thickness ~0.7 µm) was found to be 6.045 GPa intercept at zero value of h/t.  As the 
indentation depth increases, the substrate effect contributed to the effective modulus 
also increased.  Using the polynomial equation, table 4.2 tabulates the percentage of 
error due to substrate effect with respect to the indentation depth. 
Table 4.2: Percentage of error due to substrate effect with respect to the 
indentation depth.








Similarly, elastic modulus for the micro-dot patterns (Pitch = 50 µm, 
Thickness ~15 µm) specimens was found to be 5.125 GPa as shown in Figure 4.2 (b) 
curve. Using the same technique, the nanohardness were also obtained and are 
presented in Figure 4.3 for comparison
Figure 4.3: The nanohardness of the(a) spin-coated, and (b) micro-dot patterns
(Pitch = 50 µm, Thickness ~15 µm). Heff was determined by 
extrapolating measured value of effective hardness to zero value of h/t.
Heff = 1.7801 (h/t)2 - 1.0303 (h/t) + 0.5602 






















Heff = 456 MPa
(a) SU-8 spin-coated 
(b) SU-8 Micro-dot patterns 
Heff = 560 MPa
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Comparing the SU-8 coated film with different thicknesses, we have shown 
that the elastic modulus and hardness varies with the thickness of the coating.  
Although thicker coating reduces the substrate effect but there is still a contribution 
from the substrate.
4.2 Tolerances of the elastic modulus and nanohardness
To find the tolerances of the elastic modulus and nanohardness values 
obtained from nanoindentation test for SU-8 spin-coated (Thickness ~0.7 µm) and 
micro-dot patterns (Pitch = 50 µm, Thickness ~15 µm) specimens, we have 
eliminated the initial depth (up to 20 nm) as the data are deemed incorrect due to the 
inaccuracy resulted from the area function at the small indentation depths [71].  The 
elastic modulus and nanohardness values of indentation depth up to 500 nm are 
shown in Figure 4.4.
For the SU-8 spin-coated top plate, elastic modulus showed an increasing 
trend whereas nanohardness is more stable with the indentation depth.  The increasing 
value of elastic modulus was due to the Si substrate effect starting from the 
penetration depth of about 100 nm.  Within the range from 30 to 100 nm penetration 
depth, the mean elastic modulus E = 6.144 ± 0.176 GPa and nanohardness = 0.472 ± 
0.04 GPa.  




Figure 4.4: (a) Elastic modulus and (b) nanohardness with respect to the 
indentation depth for the (1) SU-8 spin-coated and (2) SU-8 micro-dot 
patterns on the Si substrate during CSM nanoindentation test.
For the SU-8 micro-dot patterns specimen, the mean elastic modulus E = 
5.205 ± 0.12 GPa and nanohardness = 0.423 ± 0.037 GPa for the penetration depth 
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4.3 Hardness due to substrate effect
The nanohardness value measured for a SU-8 coated film and Si substrate 
combination is more difficult to quantify than the combined elastic modulus. This was 
due to the complex nature of the plastic zone as it interacts with the substrate material.  
Many papers had proposed to obtain effective nanohardness by using the law of 
mixture [72-73].  For a soft film on a hard substrate, Bhattacharya and Nix had 
suggested using the yield stress for the film and substrate as the exponential weighting 
function [74]. 
For further investigation, the indentation depth for SU-8 spin coated specimen 
was extended to 3100 nm. Figure 4.5 shows a single load-indentation depth for 
loading and unloading curve.
(a) Loading and unloading curve (b) Close-up at the interface layer
Figure 4.5: (a) Nanoindentation curve of the load vs indentation depth and (b) 
close-up for indication at the interface layer.
From the nanoindentation results, the curve showed the trend of indentation 
increment after passing through the interface layer.  The interface layer was located 
approximately at the 900 nm as shown in Figure 4.5 (b). 
The experimental contact stiffness is depicted in Figure 4.6 as a function of 
indentation depth for the SU-8 spin-coated specimen. As expected, the contact 
Interface layer
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stiffness for the silicon substrate increased linearly with increasing indentation depth
as it went beyond 900 nm.
Figure 4.6: Curve of the experimental contact stiffness versus indentation depth for 
SU-8 spin-coated specimen.
The nanohardness and elastic modulus for entire indentation depth is shown in 
Figure 4.7 (a) and (b) respectively. It was obvious that the Si substrate effect was 
present even at the indentation depth of 700 nm. At the penetration depth of 10% of 
the coating thickness, which is about 70 nm of the penetration depth, elastic modulus 
and nanohardness are examined as part of the test.  Figure 4.8 shows the results of the 
10% thickness. For the spin-coated specimen, the elastic modulus E = 6.439 GPa and 
nanohardness = 0.470 GPa. As for the SU-8 micro-dot patterns specimen, the elastic 
modulus E = 5.022 GPa and nanohardness = 0.436 GPa at the penetration depth of 70 
nm.
Interface layer




Figure 4.7: (a) Nanohardness and (b) elastic modulus measurement by 
nanoindentation. 




Figure 4.8: (a) Nanohardness and (b) Elastic modulus indicated 10% thickness for 
the spin-coated specimen.
Indentation results within the 10% thickness of the SU-8 film were valid to 
indicate minimum Si substrate effect.  Despite having various analytical and empirical 
treatments, there is no obvious relationship as yet, which covers a wide range of 
materials behavior.  In the absence of any rigorous relationship, the conventional 10% 
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4.4 Nanoscratching results
Nanoscratch measurements offer a better approach for evaluating wear 
potential due to the fact that nanoscratch testing utilizes a combination of normal and
lateral forces acting upon thin films, which better simulates most actual wear 
situations, especially the abrasive wear mechanism. Nanoscratch measurements were 
conducted using a series of progressive load and constant load experiments to 
examine the failure criterion for the SU-8 coated film. 
4.4.1 Critical load determination
To determine the critical load of SU-8 film, a progressive normal load from 
0.3 mN to 15 mN was applied during scratching the spin-coated film. The results 
presented in Figure 4.9 summaries a SU-8 spin-coated layer scratched with a 
progressive load range from 0.3 mN – 15 mN.
From the penetration depth caused by the scratch, the maximum depth of  
about 1.2 µm was noted and it  exceeded the thickness of spin-coated film.  Therefore, 
the tip penetrated through SU-8 film and scratched the Si surface.  When the scratch 
length reaches about 1.2 mm, the penetration depth was at its maximum and was 
unable to deepen with the applied load.  It was observed that some of the Si surface 
was exposed and further penetration needed higher loads.  Similarly, the friction data 
showed almost zero value when the normal load is below 2.55 mN indicating that the 
force sensor is not sensitive for friction force up to a scratch length of approximately 
0.46 mm.  This region indicated very good adhesive strength between SU-8 and Si 
substrate below 2.55 mN normal load.





Figure 4.9: (a) Optical microscope, (b) Coefficient of friction, and (c) Penetration 
of a 2.0 mm scratch on SU-8 spin-coated file created with a 
nanoscratch tester.
When the load was increased from 2.55 mN, friction gradually increased with 
an increase in normal load.  Coefficient of friction reached approximately 0.3 and 
remained unchanged with further increase in the normal load. 
From the progressive load scratch tests, we could determine the critical load at 
which SU-8 film peeled off from the Si surface. Figure 4.10 (a) shows a transition 
region when SU-8 started to peel-off by the progressively increasing normal load.  We 
determined the critical load to be 6 mN. A normal load in excess of the critical load 
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(a) load = 6.02 mN, length = 1.2 mm (b) load = 6.72 mN length = 1.32 mm
Figure 4.10: Optical images were captured at the transition region just before SU-8
was buckling caused by normal load. The images were captured at 
magnification of 1000x.
To further study the critical load of 6 mN, we varied the critical load by ± 0.5 
mN.  When the constant load of 5.5 mN was applied on SU-8 film, crack lines were 
observed.  However, no complete peel-off was observed.  At the constant load of 6 
mN, buckling occurred but no Si surface was found exposed. When the constant load 
of 6.5 mN was applied, the SU-8 film started to peel-off from the Si surface indicating 
failure.  Figure 4.11 summarizes the failure events through optical and SEM images 
captured at these normal loads.
4.4.2 Failure characterizations
At a critical normal load of 6 mN, the contact mean pressure on the Si and SU-
8 polymer surfaces was calculated to be approximately 11.107 GPa and 1.901 GPa 
respectively (calculated using the Hertzian contact model; elastic moduli of Si and 
SU-8 polymer were taken as 130 GPa and 6.045 GPa, respectively) against a diamond
tip of radius 2 µm (elastic modulus of diamond=1141 GPa). Please refer to Appendix 
C for respective material properties.
SU-8 bulged out SU-8 peeled-off
Scratch direction Scratch direction








Figure 4.11: Optical and SEM images were captured to investigate the critical load 
at 6 mN ± 0.5.
The calculated contact mean pressure was much higher than the hardness for 
SU-8 materials (472 MPa).  To  further understand the failure modes of SU-8 film, 
ASTM standard C1624-05 [75] and Burnett & Rickerby [76-77] were used for 
reference.  Figure 4.12 provides a framework for analyzing and describing common 













Load = 0.3 mN




Load = 1.33 mN




Load = 4.42 mN
Cracking failure
Buckling 




Load = 6.72 mN
Wedging spallation
Figure 4.12: SU-8 spin-coated optical images and schematic representation of 
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The SU-8 spin-coated specimen with the film thickness of approximately 0.7 
µm is shown in Figure 4.10 (a) in which the delamination of the film was observed at 
the critical load 6.02 mN (Hertz tensile cracks).  The SU-8 film did not peel-off. 
When the normal load was increased to 6.72 mN causing buckling to take place, 
partial SU-8 material peeled-off and Si was exposed.  More SU-8 film was removed 
with increasing load. This happened  from scratch length of 1.33 mm and the film 
failed by wedging and spalling. In this test, we determined that the critical load is 
somewhat less than 6 mN in order to protect the integrity of the SU-8 film on the Si 
surfaces.
4.4.3 SU-8 spin-coated and micro-dot patterns
For scratch tests applied to the SU-8 spin-coated and micro-dot patterned films,
the linear speed was kept at 2.5 µm/s for a scratch length of 150 µm. The constant 
normal load used for the friction study was 6 mN. Table 4.3 summaries the tests 
parameter for the nanoscratch test.
Scratch test was carried at the selected area of the specimen with spin-coat and 
single micro-dot.  0.2 % PFPE was applied for micro-dot specimen in order to 
compare the nano-lubricated effect on the hemi-spherical shape of micro-dot.  Figure 
4.13 shows the entire scratch length on respective specimens.
Table 4.3: Tests parameters for the nanoscratch tester.
Setting parameter Values
Linear Speed 2.5 µm/s
Scratch length 150 µm
Normal load 6 mN (constant)
Diamond tip radius 2 µm

































Figure 4.13: Optical microscope of 150 µm scratch on (a) SU-8 spin-coated, 
(b)Micro-dot (without PFPE), and (c) Micro-dot (with PFPE).  The 
images were captured at the magnification of 1000x.
From the nanoscratch test results, it was observed clearly that no Si surface 
was exposed for spin-coated specimen (Figure 4.13 (a): Cracking was observed.  No 
buckling, wedging and spallation was observed). As for micro-dot without PFPE 
lubrication, the initial contour at the circumference was found delaminated, more Si 
surface was scratched as the scratch length increased.  This was obvious at the centre 
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micro-dot with PFPE lubrication, the SU-8 film was peeled-off and Si surface was 
exposed.  The failure was found at the initial and final scratch length that was 
expected as SU-8 was thinnest at these contours.  However, around the centre of the 
micro-dot, it was observed that no Si surface was exposed. Figure 4.14 shows the 






























Figure 4.14: Coefficient of friction values along the scratch length with constant 
normal load 6 mN applied to (a) spin-coated, (b) micro-dot (without 
PFPE), and (c) micro-dot (with PFPE) specimens.
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From the friction results, the coefficient of friction for the SU-8 spin-coated 
specimen was around 0.4 to 0.5.  The film cracked but was still able to protect the Si 
surface.  For the micro-dot specimen, the buckling was found at the initial and final 
scratch.  However, it still provides good adhesion at the center of the micro-dot. The 
friction data has shown that PFPE lubrication reduces the friction on micro-dot 
specimens. The initial friction and wear durability would be studied in detail in 
chapter 5 and 6.
4.5 Summary
Nano-mechanical property was studied to determine the elastic modulus, 
hardness and adhesive strength of SU-8 spin-coated and micro-dot patterns specimens. 
Table 4.4 summarizes the results for different penetration depths:
Table 4.4: Summary of the test results at the different thickness.
Penetration depth
Elastic Modulus (GPa) Nanohardness (MPa)
Spin-coated Micro-dot Spin-coated Micro-dot
Thickness (µm) 0.7 15* 0.7 15
Zero thickness 6.045 5.125 560 456
At 70 nm (10%) 6.439 5.022 470 436
30 to 100 nm 6.144 5.205 472 423
*15 µm thickness was found only for the micro-dot with pitch length of 50 µm.
High thickness was because of the overlapping of the micro-dots due to very 
small pitch length.
From these results, it is concluded that the indentation penetration depth 
between 30 to 100 nm gives the most reliable and reasonable values. These values 
would be used to calculate the mean contact pressure (as listed in Appendix C) in 
following chapter 5 and 6.
From the nanoscratch test, we have found that at the applied load less than 
2.55 mN, the friction force sensor is not sensitive enough to record friction force. 
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Also, the critical load of 6 mN applied for the SU-8 film was able to protect the Si 
substrate.  The failure mode characterizations were studied to examine the adhesive 
strength at various loads and damage caused by nano-scratching.






Polymer Jet Printing of SU-8 Micro-Dot Patterns on Si Surface: 
Optimization of Tribological Properties
Ball-on-disc configuration was used for the tests conducted using Nano-
tribometer (CSM Instrument, Switzerland).  Data were quantitatively collected for the 
initial coefficient of friction and steady-state friction as well as for the wear durability.  
Surface of test specimens and those of counterface balls/flat were examined under an 
optical microscope to quantitatly identify wear or material transfer. This section 
would elaborate on these configurations and experiment results.
5.1 Ball-on-disk configuration
For the initial coefficient of friction test, the rotational speed of the spindle 
was kept at 2 rpm for 20 cycles, giving a relative linear sliding speed of 0.3 mm/s for
a track diameter of 3 mm.  The normal load used for friction study was 50 mN, which 
gives a contact mean pressure to the Si and SU-8 polymer surfaces of approximately 
3.051 GPa and 478.4 MPa respectively (calculated using the Hertzian contact model; 
elastic moduli of Si and SU-8 polymer were taken as 130 GPa and 6.045 GPa,
respectively) against a Si3N4 ball of 2 mm diameter (elastic modulus of Si3N4 =
320GPa). Please refer to Appendix C for material properties. Table 5.1 summarizes 
the test parameters for the initial coefficient of friction.





Table 5.1: Test parameters for the initial coefficient of friction.
Setting parameter Values
Rotational speed 2 rpm or 0.3 mm/s (Base on track diameter)
Track diameter 3 mm
Normal load 50 mN
Cycles Stopped at 20 cycles.
Si3N4 diameter 2 mm
Type of cantilever Medium load cantilever (ML 225)
The medium load cantilever was selected for the normal load applied.  The approach 
speed is 300 µm/s with friction contact of 1 mN.
5.2 Comparison of the Initial coefficient of friction
It was observed that the pitch of SU-8 micro-dots had a significant effect on 
the initial coefficient of friction as shown in Figure 5.1.
Figure 5.1: Variation of the initial coefficient of friction of SU-8 micro-dot pattern 
with respect to the pitch length. 
From the initial coefficient of friction results, it was obvious that the lowest 
coefficient of friction was deserved at a pitch (centre to centre distance between two 
micro-dots) of 150 µm which was taken as the optimized pitch for the present 
condition. The above optimized pitch has a coefficient of friction lower than that of 





the SU-8 spin-coated (continuous film) specimen.  It is known that the contact area 
influences coefficient of friction for polymers.  Initially, when the pitch is smaller, 
there is greater contact area between the Si3N4 ball and SU-8.  The contact area is 
reduced as the pitch increases.  This has decreasing effect on the initial coefficient 
friction.  At 150 µm pitch, the coefficient of friction is the lowest.  Friction increases 
for a pitch larger than 150 µm because of the partial contact of the Si3N4 ball with Si 
substrate exposed between any two micro-dots.
After the sliding test at a normal load of 50 mN, there were no wear damages on the 
SU-8 polymer micro-dots with pitches of 100 µm, 150 µm and 200 µm after 20 cycles 
of sliding.  These pitches have shown coefficient of friction lower than that for the 
spin-coated SU-8 film. However, a visible wear track was observed for the pitches 
more than 250 µm. The wear track was discontinuous as shown in Figure 5.2 (b).
No wear track was 
observed for the pitch of 
150 µm.
Discontinuous wear track 
was found for the pitch of 
250 µm.
Wear track and SU-8
rupture were observed for 
the pitch of 350 µm.
Figure 5.2: A comparison of the wear track with respect to various pitches after 20 
sliding cycles. All images were taken at 100 times magnification in an 
optical microscope.
For the pitch length of 150 µm, no wear track was observed as shown in Figure 5.2 (a) 
as the load was entirely shared by the micro-dots. This further explains that the Si3N4
ball does not contact the Si substrate directly and has reduced contact area between 

















For the wear durability study, all conditions were kept similar to those of the 
initial coefficient of friction study except the rotational speed of the spindle, which 
was set at 100 rpm, giving a relative linear sliding speed of 0.0157 m/s at a track 
diameter of 3 mm.  Also, a higher normal load of 250 mN was employed for the wear 
studies. PFPE 0.2 wt% was used as a nano-lubricant and over-coated to improve the 
wear life since the wear life of SU-8 is extremely low in dry condition. Table 5.2
summarizes the tests parameter for the wear durability.
Table 5.2: Test parameters for the wear durability.
Setting parameter Values
Linear sliding speed 15.7 mm/s or 100 rpm (Base on track diameter)
Track diameter 3 mm
Normal load 250 mN
Cycles Stopped at 100,000 cycles.
Si3N4 diameter 2 mm
Type of cantilever High load cantilever, HL 225
Lubrication PFPE 0.2 wt%
The high load cantilever was selected for the normal load of 250 mN.  The approach 
speed to the specimen is 1000 µm/s with friction contact of 5 mN.
From the initial coefficient of friction results, micro-dots of the optimized 
pitch were able to reduce friction. In order to find the optimized wear life on these 
specimens, Si substrate with SU-8 micro-dot pattern was over-coated with an ultra-
thin layer of PEPE.  This is because SU-8 by itself has low wear resistance and hence 
only patterning does not protect the surface against wear.  The presence of a thin layer 
of PFPE lubricant over micro-dot pattern provides low friction coupled with lower 
contact area. In order to facilitate a better understanding of the wear performance of 
the best pitch, the applied normal load was kept five times higher than the one used in 
the initial coefficient of friction test.  A normal load of 250 mN was selected so as to 
Chapter 5 Polymer Jet Printing of SU-8 Micro-Dot Patterns on Si Surface 
Page 81
 
differentiate and evaluate the wear durability on these PFPE-coated SU-8 pattern 
specimens.
The wear durability of each specimen was defined as the number of cycles 
when the coefficient of friction exceeded 0.3.  Figure 5.3 (a) and 5.3 (b) shows the 
wear durability results of SU-8 micro-dots with different pitch lengths.
(a)
(b)
Figure 5.3: (a) Typical traces of the coefficient of friction as a function of the 
number of sliding cycles for bare Si, spin-coated SU-8, and micro-dot 
patterned specimens with different pitch lengths.  All samples had 
ultra-thin PFPE overcoat. (b) Average wear durability data of bare Si, 




























Experiments stopped at 100,000 cycles 





The spin-coated and bare Si specimens showed wear life of 3,300 and 2,600 
cycles, respectively. The SU-8 micro-dot pattern with a pitch of 650 µm has shown a 
wear life of 2,200 cycles which is close to the failure life-cycle of the bare Si 
specimen. The lowest wear life of 830 cycles was registered by SU-8 micro-dots with 
a pitch of 150 µm. The results have shown that bare Si, spin-coated SU-8, and SU-8
micro-dots with low or high pitch lengths do not offer good wear durability 
performance. However, with the presence of micro-dots, the contact geometry 
changes the friction value after the application of PFPE lubrication. From the wear 
test results, pitches of 350 µm, 450 µm and 550 µm offer highest wear durability 
without failure until 100,000 cycles. The experiments were stopped at 100,000 cycles 
due to long test duration.
The optical image (Figure 5.4 (a)) shows that spin-coated specimen was worn 
out after 3,300 cycles.  SU-8 was worn out and Si surface was exposed.  Debris from 
SU-8 and the substrate Si contributed to high coefficient of friction. It is observed that 
the optimized pitch value for high wear resistance is different from that for initial 
friction. This is because of the use of PFPE in the wear tests. It is possible that the 
presence of nano-lubricant has changed the role of the surface forces for textured 
surfaces due to hydrophobic nature of PFPE.
From the optical microscope observation in Figure 5.5, partial SU-8 micro-
dots remained intact for the pitch lengths between 350 µm to 550 µm after 100,000 
cycles of sliding.  Some of the SU-8 material failed during the cycles with some 
debris material transferred to the ball surface. Nevertheless, no wear track was found 
on the Si surfaces.  This increased wear life is attributed to the effects of PFPE and the 
load bearing support of the SU-8 micro-dots coupled with reduced contact area. Tiny 
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Figure 5.4: Optical images of Si3N4 counterface ball against Si/SU-8 with PFPE 
overcoat with different pitch lengths. The counterface ball and wear 
track images were magnified 100 times and 50 times, respectively.  
These images were captured after the coefficient of friction had 
exceeded 0.3 where it was defined as failure.
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Figure 5.5: Optical images of Si3N4 counterface ball against Si/SU-8 with PFPE 
overcoat with different pitch length. These images were captured after 
100,000 sliding cycles.  Coefficient of friction did not exceed 0.13.
micro-droplets of the lubricant PFPE were also visible on the Si surface, which 
provide lubrication to the ball when it touches the Si surface momentarily. PFPE over-
coated on the SU-8 micro-dots increased the ability of SU-8 to provide low friction 
and hence less shear stress.
To find the optimized pitch length which could sustain longer wear life, we 
further increased the normal load to make the contact conditions severe. When the 
load was 300 mN, pitch 350 µm failed at 2,300 cycles and for the load of 350 mN, 
pitch 550 µm failed at 100 cycles while the 450 µm pitch specimen survived these 
higher loads.  Thus, the optimized pitch with the best wear life was 450 µm under the 
increased normal load of 350 mN. The coefficient of friction remained at 0.12 up to
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100,000 cycles after which the test was stopped. Optical microscope image revealed 
no wear track after 100,000 cycles. Figure 5.6 and Table 5.1 summarizes the wear 
lives of various pitch lengths at the critical loads provided.
(a) Normal load of 300mN revealed 
that pitch 350 µm failed at 2600 
cycles. Pitch 450 µm and 550 µm 
survived under this load.
(b) Normal load of 350 mN revealed that 
pitch 550 µm failed at 100 cycles. Pitch 450 
µm survived under this load.
Figure 5.6: Average wear durability of SU-8 micro-dots with increased normal 
load of (a) 300 mN and (b) 350 mN.
Table 5.3: Various pitches, normal loads and the resultant wear lifes found in this 
study.
Pitch (µm) Critical load (mN) Wear life (number of cycles)
350 300 <2,300
450 350 >100,000 (experiment stopped)
550 350 <100
From the above results, we have concluded that 450 µm is the optimized pitch 
length with maximum wear durability under the current testing conditions.
5.4 Summary
The fabrication of SU-8 polymeric micro-dot pattern with various pitch 
lengths on Si surface was successfully carried out by Polymer Jet Printer.  Initial 
coefficient of friction studies have shown that the SU-8 micro-dots improved the 





tribological properties by sharing the normal load and reducing contact area through 
the optimization of pitch length.
For the wear durability test, PFPE (0.2 wt%) was over-coated onto SU-8
micro-dot pattern specimens, and the optimized pitch length of 450 µm was able to 
withstand a load of 350 mN giving more than 100,000 cycles of sliding against Si3N4
ball (2-mm diameter) without failure. The coefficient of friction remained at 0.12 
when the test was stopped. Micro-dot patterning was effective in improving the wear 
life of Si surface as the bare Si or a continuous SU-8 film has very short wear lives.





Tribological Study of SU-8 Micro-Dots in Flat-on-Flat 
Reciprocating Sliding Test
In Chapter 5, sliding wear tests were carried out on a ball-on-disc 
configuration on SU-8 micro-dot patterned specimens.  With the benefits of the 
micro-dot patterns, the initial friction studies showed that the SU-8 micro-dots 
improved the tribological properties by sharing the bearing load and there was a 
strong effect of the pitch length between micro-dots. For the wear durability test, 
PFPE (perfluoropolyether of thickness approximately 2 nm) was over-coated onto 
SU-8 micro-dot pattern specimens, and the optimized pitch length of 450 µm was able 
to withstand a normal bearing load of 350 mN for more than 100,000 cycles of sliding 
against Si3N4 ball (2 mm diameter) without failure.  In this chapter, extensive 
experiments were conducted on flat-on-flat contact surfaces, a geometry likely to be 
encountered in actual MEMS or other devices.
6.1 Contact pressure estimation
Two models are used to calculate the mean contact pressure, namely Hertzian 
[22] and Greenwood & Williamson (G & W) [23] model.  Both equations for 
calculating the contact mean pressure is described in Chapter 2. To a large extent, the 
experimental configuration matches closely with the ideal case of the G & W model 
as an ideally smooth surface (top plate) contacts a rough surface (micro-dot patterns 
on the bottom specimen) where the asperities have identical hemi-spherical shape
(Figure 3.16).




For calculation, the mean elastic modulus of SU-8 polymer was pre-
determined as 6.144 GPa (top plate) & 5.205 GPa (micro-dot patterns on the bottom 
specimen). The Poisson’s ratio was taken as 0.22 [60].  Next, we used flat-on-flat 
configuration using both models to calculate mean contact pressure on localized 
single micro dot. We assumed that the load is distributed evenly on the micro-dot 
pattern underneath the top plate and there is only elastic deformation for flat-on-flat 
configuration.  
Table 6.1 tabulates the number of dots and Figure 6.1 shows the mean contact 
pressure variation with respect to the pitch length when in contact with 2 mm x 2 mm
square top plate (Si/SU-8).
Table 6.1: Tabulation of the pitch and the number of micro-dots subject to the 
applied load within 2 mm x 2 mm area.
Pitch (µm)
Number of micro-dots 







The difference is that the Hertzian model suggests a single contact point 
whereas the G & W model suggests an area contact.  The G & W model predicts a 
constant contact pressure regardless of the pitch length whereas Hertzian model 
predicts the gradually increasing trend with increasing pitch length. The Hertzian 
model shows higher contact pressure in localized micro-dot as calculated.




Figure 6.1: Mean contact pressure against pitch length with different applied 
normal load for the Hertzian model and for the G & W model.
6.2 Flat-on-flat configuration
A commercial tribometer (CSM nanotribometer, Switzerland) was modified 
for the friction and wear tests using a flat-on-flat configuration. Table 6.2 summarizes 
the test parameters for the wear durability study.
Table 6.2: Summary of the tests parameters for the wear durability.
Setting parameter Values
Linear sliding speed 5.1 mm/s or 100 rpm
Full length of stroke ~1 mm
Normal load 250 mN
Cycles Stopped at 100,000 cycles if no failure
Top plate 2 mm x 2mm
Type of cantilever High load cantilever, HL 217
Lubrication PFPE 0.2 wt%
The high load cantilever was selected for the normal load applied.  The approach 
speed to specimen is 1,000 µm/s with friction contact of 5 mN.




In this experiment, 4 types of configuration (Figure 6.2) are used to establish the 
behaviour of SU-8 spin-coated and bare Si.  All the configurations were tested with 
and without PFPE (0.2 wt%) lubricant over-coated on the sliding surface. 
Figure 6.2: 4 types of configuration used from the top and bottom plate (without 
pattern).
Configuration (b) and (c) are expected to have same results. PFPE was used as a 
nano-lubricant and over-coated to improve the wear life since wear life of SU-8 is 
extremely low in dry condition [79].
6.3 Wear durability on un-patterned SU-8 and Si surfaces
The wear durability of each surface pair (as presented in Figure 6.2) was defined as 
the number of reciprocation cycles when the coefficient of friction exceeded 0.3.  
Figure 6.3 shows the wear durability of different such pairs. 
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Figure 6.3: Average wear durability data of various Si and SU-8 surface pairs.
Firstly, the flat-on-flat configuration test is carried out to determine the best 
configuration to be used. Reciprocating sliding wear test life cycle of approximately 
100 cycles was observed for the Si-Si configuration specimen. The reason has been 
reported earlier as Si surface has very poor tribological properties even with an over-
coat of 0.2 wt% PFPE [79].  The dotted box in Figure 6.3 highlights the improvement 
in the wear life with and without PFPE for different Si and SU-8 surface pair.  Both 
reported similar wear life and much better than those for bare Si specimens. Next, the 
SU-8 on SU-8 configuration shows almost 4,300 cycles without PFPE over-coat. 
From these configurations, SU-8 spin-coated top plate showed better results. Finally, 
the most durable wear life was observed for PFPE over-coated SU-8 (Top plate) and 
SU-8 (Bottom specimen) configuration with a life cycle up to 100,000 cycles without 
failure. The final coefficient of friction recorded at the end of the test was 
approximately 0.11.  Figure 6.4 shows typical friction coefficient versus number of 
reciprocating cycle graphs for different surface conditions.









Figure 6.4: Coefficient of friction respect to the number of reciprocation cycles for 
different surface pairs; (a) without PFPE over-coated and (b) with 
PFPE over-coated lubrication.
The effect of nano-lubrication PFPE showed a visible improvement in the 
wear life and friction properties for all types of configuration except Si-Si surfaces.  
In this work, the results had shown that SU-8 spin-coated and bare Si substrate 
specimen did not offer best solution in terms of tribological performance. We have 




selected SU-8 polymer over-coated with PFPE (0.2 wt%) at the interface to keep 
friction low and nearly zero wear for the Si substrate.
During these tests, the Si substrate has a strong adhesion with either bare Si or 
SU-8 counterfaces.  This adhesion is not desirable between these two surfaces as it 
may deteriorate functionality of the device in application and increase the chance of 
failure.  In the extreme case, stiction may cause device failure. In this work, under the 
same wear test parameters, the results have shown that SU-8 polymer against SU-8
polymer with PFPE lubrication results in better tribological properties.  The 
coefficient of friction was at a steady-state value of approximately 0.14 till 100,000 
cycles of sliding without showing signs of failure.
6.4 Friction and wear results on micro-dot patterns
For the wear durability study on the micro-dot patterns, all conditions were 
kept similar to those of the various surface pairs except a higher normal load of 500 
mN was employed. This higher load was chosen in order to differentiate the various 
pitch length expected to have higher wear life. Same PFPE (0.2 wt%) was used as a 
nano-lubricant over-coat to improve the wear life since wear life of SU-8 without 
PFPE is limited.  As before, the wear durability of each specimen was defined as the 
number of cycles when the coefficient of friction exceeded 0.3.  Figure 6.5 shows the 
wear durability and coefficient of friction data of the SU-8 micro-dots for different 
pitch lengths.  For comparison, test was also conducted for the spin-coated SU-8 on 
SU-8 specimen with PFPE over-coat under the new normal load of 500 mN.




Figure 6.5: (a) Average wear durability data for spin-coated (first bar) and SU-8
micro-dots with different pitch length. (b) Typical traces of the 
coefficient of friction as a function of the number of sliding cycles for 
spin-coated SU-8 and micro-dot patterned specimens with different 
pitches presented in (a).  The inset in (b) shows specimen with short 
wear lives.  All samples had PFPE over-coat. 
With the normal load of 500 mN, spin-coated SU-8 polymer against SU-8
polymer failed at 4,200 cycles.  As the pitch of the micro-dot patterns increased, these
is a reduction in the contact area and the wear life increased gradually.  The pitch 
Experiments stopped at 100,000 cycles
Spin-coated




lengths of 250 µm to 550 µm did not fail until 100,000 cycles when the experiments 
were stopped.  At pitch of 650 µm, it failed immediately at 100 cycles.
Optical microscopy was conducted after the wear tests to analyze the amount 
of debris and the wear track conditions on the surfaces of the test specimens.  As 
shown in Figure 6.6, top and bottom plate were imaged after the coefficient of friction 
exceeded 0.3 (specimen failed by the present definition).


















Figure 6.6: Optical images of top plate SU-8 against Si/SU-8 with PFPE overcoat 
(spin-coated and with two pitch lengths which showed shorter life). The 
top and bottom plate wear track images were magnified 100 times and 
50 times respectively.  These images were captured after the coefficient 
of friction had exceeded 0.3 when it was defined as failure.
Boundary of 
the wear track 
Boundary of 
the wear track 
Boundary of 
the wear track 




The optical images in Figure 6.6 (a) shows that SU-8 spin-coated specimen was worn 
out on top and bottom plate after 5,000 cycles exposing Si substrate.  Debris were
observed and wear track formed a rectangular mark on SU-8 and the exposed Si 
contributed to high coefficient of friction.  As compared to the previous normal load 
of 250 mN, the spin-coated SU-8 polymer was not able to withstand higher load of 
500 mN for longer wear cycles.  The coefficient of friction increased with increasing 
load. This could be explained by the contribution of asperities and the brittle fracture 
of these asperities at high contact shear stress [80].  For the 150 µm pitch which failed 
at 4,300 cycles, similar phenomena was observed as that for SU-8 on SU-8 specimen.  
Large contact area between the SU-8 spin-coated and 150 µm pitch micro-dot 
surfaces led to early wear.  For the 650 µm pitch which failed at 100 cycles, there are 
very few number of micro-dots and there was direct contact of the top SU-8 spin-
coated surface with the exposed Si surface on the bottom plate. The shear stress was 
localized at the edges of the wear track in between SU-8 and Si surfaces.  As the test 
was stopped after the failure, an area of incomplete rectangle mark was shown.  These 
results show that either complete coverage by SU-8 or very few micro-dot patterns of 
SU-8 do not have high wear lives.  Hence, an optimization of the pitch length of the 
patterned specimen would yield better results.
It is observed that specimen with micro-dot pitch lengths between 250 µm to 
550 µm demonstrate very high wear life.  For these pitch length values the micro-dots 
are sufficient in number to bear the normal load.  Even after 100,000 cycles of sliding, 
the micro-dots are intact in the centre region of the contact area.  Failure of some 
micro-dots is found only near the edges of the specimen obviously because of the 
contact with the sharp edge of the top plate.

























Figure 6.7: Optical images of top plate SU-8 against Si/SU-8 with PFPE over-
coated with different pitch length. These images were captured after 
100,000 sliding cycles.  Coefficient of friction did not exceed 0.12.
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From the optical microscope images as shown in Figure 6.7, partial SU-8
micro-dots remained intact for the pitch lengths between 250 µm to 550 µm after 
100,000 cycles of sliding.  Some of the SU-8 material failed during the cycles with 
some debris material transferring to the plate surface. Nevertheless, no detectable 
wear track was found on the Si surfaces indicating that the top plate did not touch the 
exposed Si part of the bottom patterned surface during the entire reciprocation cycles.
There is a visible reduction in the amount of debris observed under optical 
microscope with differing pitch lengths when compared to SU-8 uniform spin-coated 
specimen.  This increased wear life is attributed to the effects of PFPE and the 
optimum load bearing support of the SU-8 micro-dots giving reduced contact area. 
Tiny micro-droplets of the lubricant PFPE are also visible on the Si surface that 
provides lubrication to the top plate when it touches Si surface momentarily (as seen 
in the case of ball on patterned specimen). PFPE over-coated on the SU-8 micro-dots 
has increased the ability of SU-8 to provide low friction and hence low shear stress.
The results of these optimized pitch length have proved that micro-scale pads 
or dots as opposed to smooth surface has helped to reduce the real area of contact
between the top and bottom plates. 
To find the optimized pitch length which could sustain higher load with longer 
wear life for the present pattern, we further increased the normal load to make the 
contact conditions severe. When the load was 600 mN, pitch 250 µm and 550 µm 
failed at 200 and 600 cycles respectively.  For the load of 650 mN, pitch 350 µm 
failed at 400 cycles while the 450 µm pitch specimen survived these higher loads.  
Thus, the optimized pitch with the best wear life was 450 µm for the increased normal 
load of 650 mN. The coefficient of friction remained at 0.11 up to a total sliding cycle 
of 100,000 cycles after which the test was stopped due to long test duration. Optical 
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microscope image revealed no wear track after 100,000 cycles. Figure 6.8 (a) & (b) 




Figure 6.8: Average wear durability of SU-8 micro-dots with increased normal 
load of (a) 600 mN and (b) 650 mN. 
From the above results, it could be concluded that pitch 450 µm is the 
optimized pitch length with maximum wear durability under the present testing 
conditions.





Un-patterned and micro-dot patterns of SU-8 on Si wafer substrate with 
different pitch lengths were tested for tribological performance in sliding against SU-
8 spin-coated surfaces in flat-on-flat geometry.
At the normal load of 250 mN, the most durable wear life occurred for PFPE 
over-coated un-pattern SU-8 with a life cycle up to 100,000 cycles without failure. 
The final coefficient of friction recorded at the end of the test was approximately 0.11.
 It was found that the micro-dot pattern increased the wear life of SU-8 by 
several orders of magnitude without failure. A load of 650 mN gave more than 
100,000 wear cycles of sliding life for the optimized 450 µm micro-dot pitch length 
without failure.
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Chapter 7
Conclusion and Future Recommendations
This chapter will present the main conclusions from the present thesis and will 
suggest some recommendations for future study.
7.1 Conclusions
The main objective of this thesis was to develop an alternative method to 
fabricate micro-dot patterns using Polymer Jet Printer (PJP).  This printing method is 
found to be effective as it reduces the manufacturing cost and time, as well as 
maintain good quality of the patterns.  The idea of micro-dot patterns could be useful 
to industrial applications, and to optimize the polymer coating for enhancing the 
friction and wear properties of the SU-8 film.  Results have proven that SU-8 material 
is a very promising tribological material after the suitable pattern was designed and 
coated with a nano-lubricant such as PFPE.  
The following conclusions are drawn from the present research:
I Surface characterization
 Nano-mechanical properties such as elastic modulus and hardness of SU-8
film were measured and the penetration depth between 30 to 100 nm gave the 
most reliable and reasonable values. 
 For spin-coated specimen, elastic modulus was measured as 6.144 GPa and 
hardness was 472 MPa; For Micro-dot specimen, elastic modulus was 5.205 
GPa and hardness was 423 MPa.  
 Critical load of 6 mN was determined in order for SU-8 film to protect Si 
surface.
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II Initial coefficient of friction
From this research work, it was observed that various pitch length of SU-8
micro-dots had a significant effect on the initial coefficient of friction.  Initial 
coefficient of friction studies have concluded that the SU-8 polymeric micro-dots 
improved the tribological properties by sharing the normal force and reducing the 
contact area. For SU-8 pattern without PFPE over-coated, the optimized pitch (150 
µm) has shown an initial coefficient of friction of 0.13 as compare with 0.6 for bare Si 
and 0.22 for SU-8 spin-coated film.
III Wear durability
Ball-on-disk configuration 
Ultra thin layer (~2 nm) of PFPE was over-coated onto SU-8 micro-dot 
specimens for wear durability test.  When compared to all pitch lengths, the optimized 
pitch length of 450 µm specimen has shown the highest wear durability of more than 
100,000 sliding cycles at a normal load of 350 mN. The coefficient of friction 
remained at 0.12 when the test was stopped.  Bare Si over-coated with PFPE and spin-
coated SU-8 film with PFPE over-coated would show low wear lives of 2,500 cycles 
and 3,600 cycles respectively.
Flat-on-flat configuration 
SU-8 Continuous film and micro-dot pattern were characterized for 
tribological performance in sliding against SU-8 spin-coated surface in flat-on-flat 
contact surfaces.  Ultra-thin layer of PFPE was over-coated onto SU-8 micro-dot 
patterned specimens for enhanced wear durability.  The optimized pitch length of 450 
µm has shown a wear life of more than 100,000 cycles at a high normal load of 650 
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mN. SU-8 continuous film with PFPE and bare Si surface with PFPE over-coated 
shows low wear lives of 4,200 cycles and 2,000 cycles respectively. 
Thus, it is concluded that the concept of micro-dot patterning using SU-8 with 
nanolubrication is an excellent solution for the tribology of Si material.
7.2 Future recommendations
The following recommendations are given for future study:
7.2.1 Create a master piece
For the mass production, it might not be suitable to employ inkjet printing.  
Regular excessive cleaning of the reservoir and chamber is not economical and 
generates significant amount of wastes.  To compromise with these, an idea of 
creating a master piece is generated by inkjet printing.  For example, PDMS could be 
used as master piece after printing the optimized pitch 450 µm.  The subsequent SU-8
film could be fabricated using spin-coated on the master piece as shown in Figure 7.1.
7.2.2 FEA simulation for the contact stress
Due to the area of focus, there was lack of interpretation on the micro-dots 
pattern to explain the results analytically.  The potential of the experiments as 
presented would deliver some new fundamental insight into the properties of the 
textured contacts.  Therefore, it is suggested to use finite element analysis (FEA) to 
examine the geometry of the micro-dot shape.  This could be modeled with rigid 
surface that slides against a single micro-dot pattern.  The contact and interfacial 
phenomena could be examined by simulation. The contact in between these two 
surfaces could reveal good agreement to support the experimental results.
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a) Creating PDMS master piece
b) SU-8 spin-coating on PDMS master piece
c) Removed extra layer
d) Add Si substrate 
e) Removed PDMS master piece
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Appendix A: Equipment Specifications
Specification of Polymer Jetlab II






















6XEVWUDWHVL]H  160 X 120 mm 
3RVLWLRQDFFXUDF\ ±μP
3RVLWLRQ5HSHDWDELOLW\ ±μP
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Specification of Dynamic MEMS optical profiler
Summary of specification CSM nano-scratch tester
Parameter Value
Normal Force Range ˩1WR1
Load Resolution ˩1
Maximum Friction Force 1
Friction Resolution P1








Video Microscope Magnification [[[
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Appendix C: Material Properties
SU-8 2000.5 Viscosity before cured: 
SU-8 2000.5 Physical properties after cured (from supplier website [59])
Mechanical Properties used to determine contact mean pressure








320 130 6.045 5.205 1141
Poisson’s Ratio, v 0.29 0.28 0.22* 0.07








2000.5 14.3 2.49 1070 0.0026643
